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SECTION  I 
INTRODUCTION 

The  major  thrust  of  this  research  program  was  to  study 
the  properties  of  small  structures  and  materials  that  could 
be  very  important  in  various  electronic  devices.  This 
research  program  consisted  of  both  experimental  and 
theoretical  studies  aimed  at  solving  some  of  the  outstanding 
problems  in  this  general  area  of  research.  Particular 
emphasis  was  placed  on  materials  with  application  as  IR 


detectors 


SECTION  II 


SPECIFIC  RESULTS 

A.  Superlattice  Review  Article 

Under  the  support  of  this  contract  a  major  review 
article  on  the  theory  of  superlattices  was  prepared  for 
inclusion  in  a  volume  being  edited  by  L.  Chang  (See  Appendix 
A,  Publication  1} .  The  volume  will  be  published  by  Academic 
Press  sometime  in  the  near  future.  This  review  article 
should  stimulate  continuing  research  into  the  properties  of 
superlattices  which  are  currently  showing  a  great  deal  of 
promise  for  application  in  infrared  detectors. 

B.  HgTe-CdTe  Superlattices 

Sometime  ago  under  the  sponsorship  of  the  Army  Research 
Office,  J.  N.  Schulman  and  I  proposed  the  use  of  HgCdTe 
superlattices  as  a  new  infrared  material.  During  the  period 
of  sponsorship  of  this  new  program,  we  made  substantial 
strides  in  our  understanding  of  the  HgTe-CdTe  superlattice 
and  indicated  even  more  strongly  its  usefulness  in  the 
infrared  materials  area.  In  the  original  paper,  it  was 
pointed  out  that  the  HgTe-CdTe  superlattice  would  allow  one 


to  form  materials  with  band  gaps  which  were  independent  of 
the  composition  of  Hg  and  Cd.  In  our  more  recent  work,  we 
have  explored  the  implications  of  the  superlattice  for 
cutting  down  one  of  the  major  problems  in  narrow  band  gap 
materials,  that  is,  the  tunneling  current  in  device 
structures.  We  find  that  the  HgTe  superlattice  offers  very 
substantial  advantages  over  the  corresponding  alloy  in  the 
reduction  of  the  tunneling  current  in  narrow  gap  systems  in 
various  device  applications.  The  results  of  this  study  are 
published  in  an  Applied  Physics  Letter  given  as  an  appendix 
to  this  report.  (Publication  2  and  presented  at  the 
International  Conference  on  Superlattices  (see  attached 
papers.  Publications  3  and  4)). 

C.  k  .  p  Method  for  Treating  Properties  of 
Superlattices 

Much  of  the  early  theoretical  studies  of  superlattices 
was  carried  out  in  the  tight-binding  approximation.  This 
theoretical  approach  has  a  major  disadvantage  in  that  it 
requires  the  input  of  parameters  describing  the  electronic 
band  structure  of  the  bulk  which  are  not  directly 
measureable.  Further,  much  of  the  interest  in  the  HgTe-CdTe 
and  other  superlatt ices  that  might  be  used  in  infrared 
applications  is  in  the  electronid  properties  at  near  band 
gap.  Hence,  we  have  sought  to  develop  a  new  theoretical 


technique  that  lends  itself  to  solving  the  problems  of  the 
near  band  gap  properties  and  also  will  form  the  basis  for 
describing  devices  formed  from  superlattices.  The  theoretial 
approach  consists  of  defining  an  average  material  and  then 
treating  in  perturbation  theory  the  various  perturbations  due 
to  the  superlattice.  This  approximation  can  obtain  very 
accurate  properties  for  superlattices.  This  technique 
promises  to  form  the  basis  for  much  of  the  treatment  of  both 
the  physical  properties  and  device  properties  of  various 
superlattice  structures. 

D.  Doping  in  Superlattices  and  Quantum  Well  Structures 

One  of  the  essential  controlling  aspects  of 
semiconductors  is  doping.  Doping  is  the  basis  under  which  we 
form  many  devices  in  homogeneous  materials.  Under  this 
program,  we  made  the  first  theoretical  study  of  doping  in 
small  structures  in  superlattices .  We  have  found  that  in  the 
superlattice  structure  the  binding  energy  of  dopants  can  be 
changed  very  substantially.  For  example,  in  the  GaAs-GaAlAs 
system,  we  have  found  that  the  binding  energy  of  impurities 
can  be  increased  by  as  much  as  a  factor  of  four.  The  results 
are  reported  in  the  papers  included  in  Appendix  A, 
Publications  5,  6  and  7.  Much  of  the  theoretical  work  is  now 
being  investigated  experimentally  in  a  number  of 
laboratories.  Preliminary  results  indicate  that  our 


predictions  are  in  fact  in  agreement  with  what  is  being 
observed  experimentally.  The  results  of  this  study  are 
reported  in  a  number  of  publications  which  have  been  included 
in  the  attached  appendices. 

E.  Tunneling  and  Transport  Calculations  for  Barrier 
Structures 

In  recent  years  it  has  become  widely  accepted  that  in 
high  speed  devices  the  distribution  of  electrons  at  various 
critical  parts  of  the  device  is  very  important  in  determining 
the  actual  speed  of  the  device.  We  have  carried  out 
theoretical  studies  of  the  transport  of  electrons  across 
GaAlAs  structures  imbedded  in  GaAs.  We  have  found  that  for 
the  conduction  electrons  it  is  possible  to  form  thin  layers 
of  GaAlAs  which  will  act  as  electron  filters.  For  example, 
our  theoretical  work  suggests  that  it  should  be  possible  to 
form  thin  layers  of  GaAlAs  that  will  suppress  the  L  point 
electrons  and  hence  increase  the  speed  performance  of 
devices.  The  results  are  reported  in  the  papers  in  Appendix 
A,  see  Publications  8  and  9).  Experiments  are  currently  in 
progress  to  attempt  to  verify  these  theoretical  predictions. 

F.  Study  of  Deep  Level  Transient  Spectroscopy  for  CdTe 

Because  of  our  interest  in  the  properties  of  the 


HgTe-CdTe  interface,  we  have  been  making  measurements  at 
Caltech  on  the  band  offset  for  this  structure.  Early 
experiments  by  J.  McCaldin  and  T.  Kuech  indicated  that  the 
band  offset  was  substantial  beyond  that  predicted  by  simple 
theoretical  arguments.  One  possible  cause  of  this  deviation 
could  have  been  deep  levels  imbedded  in  the  CdTe.  Hence,  we 
embarked  upon  the  first  theoretical  study  of  the  deep  level 
in  CdTe,  using  deep  level  transient  spectroscopy.  Both  n- 
and  p-type  samples  were  explored.  The  deep  level  spectra  for 
these  samples  were  reported  in  a  series  of  papers  which  have 
been  attached  in  Appendix  A,  Publications  10  and  11.  This 
piece  of  work  is  forming  the  basis  of  much  of  our 
understanding  of  the  deep  levels  in  CdTe. 


SECTION  III 

STUDENTS  AND  VISITORS  SUPPORTED  UNDER  THE  ARO  CONTRACT 

Funds  provided  by  the  ARO  have  been  used  to  support  four 
graduate  students  and  two  visitors.  Three  of  the  graduate 
students  were  U.S.  citizens  and  one  was  Canadian.  Both  of 
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his  Ph.D.  is  currently  working  for  the  Xerox  Corporation. 
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L  INTRODUCTION 


Superlattices  present  the  theorist  with  an  opportunity  to  apply  some  of 
the  bask  principles  of  solid  state  physics.  The  basic  question  of  the  role  of 
periodicity  in  determining  the  properties  of  solids  is  put  to  new  test  in  the 
artificially  created  world  of  the  superl&ttice.  These  new  man-made  materials  offer 
possibilities  for  providing  solids  with  new  electronic  spectra,  lattke  vibrations, 
collective  excitations,  transport  properties  and  dielectric  properties. 

Much  of  the  theory  of  the  superlattice  depends  on  adequately  applying  our 
understanding  of  the  bulk  properties  of  the  constituent  materials  in  the  new 
periodk  structure.  In  this  approach  to  the  problem,  the  superlattice  is  made  up 
of  layers  of  bulk  materials  with  a  nasty,  hopefully  unimportant,  interface  between 
adjacent  layers.  A  full  understanding  of  the  superlattice  requires  that  the  inter¬ 
face  region  also  be  understood.  The  relationship  between  bulk  and  superlattice 
properties  is  discussed  in  Section  IL  Given  the  assumption  that  the  interface  does 
not  cause  undue  disruption,  there  are  several  theoretical  techniques  which  are 
useful  in  calculating  superlattiee  electronic  properties.  The  methods,  which  are 
generalisations  to  the  superlattke  of  techniques  that  have  previously  been  used  to 
examine  bulk  semiconductors,  are  discussed  in  Section  m.  Section  IV  concentrates 
on  some  of  the  results  of  the  cakulations,  illustrating  typical  characteristics  of 
superlattice  electronic  structure.  Section  V  surveys  the  physks  of  phonons  in  su- 
perlattkes.  Phenomena  similar  to  that  exhibited  by  the  electronic  spectra  occur 
also  for  phonons.  Section  VI  surveys  a  variety  of  physical  phenomena  in  superlat- 


tices,  especially  those  which  are  just  starting  to  be  explored  both  theoretically  and 
experimentally.  These  include  optical  properties,  impurities,  transport  properties 
and  collective  excitations.  Conclusions  are  presented  in  Section  VH 


n.  GENERAL  CONCEPTS 

On  the  most  fundamental  level,  any  particular  superlattke  consisting  of  al¬ 
ternating  layers  of  a  specified  pair  of  semiconductors  with  specified  Uyer  thick¬ 
nesses  can  be  viewed  as  a  completely  new  material.  A  more  useful  approach 
recognises  that  each  alternating  layer  is  made  up  of  a  bulk  semiconductor,  such  as 
GaAs  or  AlAs,  whose  bulk  properties  may  be  well  known.  Although  the  following 
point  of  view  may  prove  inaccurate  when  the  alternating  layers  are  very  thin,  it 
is  often  useful  in  obtaining  a  qualitative  understanding  of  superlattke  properties 
to  consider  it  as  consisting  of  alternating  layers  of  semkonductors  whose  bulk 
properties  are  left  somewhat  intact  This  does  not  imply,  however,  that  the  su¬ 
perlattke  properties  are  necessarily  a  simple  superposition  of  the  properties  of  its 
two  constituents.  Although  the  bulk  properties,  such  as  the  electrostatic  potential 
or  ionic  positions,  are  envisioned  as  remaining  unchanged,  the  boundary  condi¬ 
tions  satisfied  by  the  electron  or  phonon  wave  functions  are  influenced  by  the 
thkkness  of  the  layers  in  the  superlattke.  This  section  discusses  two  concepts 
which  follow  from  this  point  of  view:  band  folding  and  mixing  of  bulk  solutions 
with  complex  ware  vectors. 


A.  Band  Folding 


The  band  folding  concept  U  a  aim  pie  method  for  obtaining  an  approximate 
understanding  of  electron  or  phonon  dispersion  curves  in  a  superlattice.  Defining 
the  z  direction  to  be  perpendicular  to  the  alternating  layers,  the  electron  or 
phonon  energy,  E,  versus  wave  vector  in  the  s  direction,  kat  can  be  roughly 
predicted  from  the  known  E  versus  ka  dispersion  curves  for  the  bulk  materials. 
This  can  be  done  by  displaying  the  bulk  dispersion  curves  while  assuming  an 
extended  bulk  unit  cell  in  the  z  direction.  For  a  superlattice  with  a  total  of 
L  atomic  layers  of  its  constituent  semiconductors  per  superlattice  unit  cell,  the 
bulk  unit  cell  should  also  consist  of  L  layers.  In  the  extended  sone  scheme, 
tiie  super  lattice  potential  would  open  up  gaps  in  the  bulk  dispersion  curves  at 
intervals  of  2r/La  (where  a  is  the  spacing  between  atomic  layers)  in  kM.  Folding 
these  curves  back  into  a  single  BriUouin  sone  of  width  2ir  /La  would  give  the 
superlattice  dispersion  curves.  Thus,  folding  back  the  bulk  dispersion  curves  in 
the  same  manner  as  If  there  were  an  extended  unit  cell  gives  an  approximation 
to  the  superlattice  dispersion  curves. 

Although  this  approximation  seems  crude,  it  is  useful  in  sorting  out  the 
multiplicity  of  superlattiee  bands  produced  due  to  the  large  superlattice  unit 
cell  as  compared  to  the  bulk  unit  cell  and  can  lead  to  qualitative  results  for 
the  dispersion  curves.  Figure  1  shows  a  clear  example.  The  GaAs-AlAi  (100) 
superlattiee  band  structure  in  the  {100]  direction  is  plotted  for  three  GaAs  layer 
thicknesses  (Ivanov  and  PoDmann,  1979).  The  folded  bulk  GaAs  band  structures 
(dotted  lines)  provide  good  .approximations  to  the  superlattiee  curves  (solid  line). 


The  differences  are  shifts  in  energy  and  a  splitting  of  bulk  degeneracies  at 
sone  edges. 

B.  Bulk  Solutions  with  Complex  Wave  Vectors 
Another  useful  concept  which  relates  the  super  lattice  properties  to  those  of 
its  constituent  bulk  materials  is  that  of  describing  the  superlattice  electron  or 
phonon  wave  function  in  terms  of  bulk  states  with  complex  wave  vectors.  By 
these  are  meant  solutions  to  the  bulk  Schrodinger  equation  with  complex  values 
of  k% : 

Jki"5,  f)  -  £>!?(£.,  t'*1,?),  (1) 

with  » «■  1, 2  labelling  the  two  bulk  semiconductors,  St,  the  wave  vector  parallel 
to  the  superlattice  planes,  and  n  labelling  the  allowed  ka  values  for  fixed  St, 
s',  and  E.  Recently,  a  simple  and  efficient  method  for  finding  the  complex  kM 
solutions  to  this  equation  has  been  developed  within  the  tight-binding,  k  p,  and 
pseudopotential  schemes  (Chang  and  Schulman,  1982). 

The  usefulness  of  the  complex  wave  vector  states  is  that  the  superlattice 
Hamiltonian  away  from  any  disruption  near  the  interfaces  is  equal  to  the  bulk 
Hamiltonians  of  one  or  the  other  of  the  constituent  materials.  The  superlattice 
wave  function  in  these  regions,  therefore,  can  be  written  as  a  linear  combination 
of  bulk  complex  solutions  with  the  same  energy  and  kt  (Schulman  and  McGill 
(1981),  Schulman  and  Chang  (1981a)). 

n 

within  material  ».  The  solutions  with  complex  values  of  ka  represent  evanescent 


states  with  decay  lengths  equal  to  (Im(kg))  l. 

In  general,  a  full  calculation  is  needed  to  determine  the  exact  linear  com¬ 
binations  in  Eq.  (2).  There  are  energy  ranges  of  interest,  however,  in  which 
symmetry  or  other  considerations  limit  the  number  of  complex  kK  bulk  states 
which  contribute  substantially  to  the  superlattice  wave  function.  In  these  cases 
much  can  be  learned  about  the  superlattice  wave  function  from  an  analysis  of  the 
complex  wave  vector  bulk  states  alone.  In  the  more  general  case,  the  coefficients 

in  Eq.  (2)  give  the  w»«»fag  of  the  complex  wave  vector  bulk  states  by  the 
super  lattice  potential.  This  will  be  discussed  in  more  detail  in  section  IV  C. 


m.  CALCULATION  OF  ELECTRONIC  PROPERTIES 

This  section  will  discuss  the  methods  which  have  been  used  to  calculate 
the  electronic  properties  of  semiconductor  superlattiees.  In  order  of  increasing 
computational  complexity,  these  are  the  quantum  well  model,  the  two-band 
approximation,  the  full  tight-binding  method,  and  the  pseudopotential  method. 
The  different  methods  rely  to  varying  degree  on  empirical  parameters  which  are 
related  to  the  bulk  or  atomic  properties  of  the  two  constituent  semiconductors. 
The  effects  of  this  and  of  the  other  assumptions  in  the  various  models  on  the 
calculated  electronic  properties  will  be  discussed  here. 


A.  Band  Ofbets 


The  Ant  three  methods  share  a  common  empirical  parameter  whose  value 
must  be  found  —  the  band  offset.  In  all  three  methods  the  bulk  band  structure 
of  each  constituent  material,  or  at  least  that  part  of  it  which  is  of  interest,  is 
independently  determined  with  an  arbitrary  energy  sero.  The  parameters  which 
produce  the  bulk  band  structures  are  then  to  be  used  in  the  superlattice  calcula¬ 
tion,  but  first  the  relative  energy  lineup,  the  band  offset,  must  be  determined. 

Attempts  to  calculate  the  olbets  theoretically  have  not  been  conclusive. 
Several  approaches  have  been  taken.  The  simplest  guide  to  the  offset  value  is 
the  electron  affinity  rule  (Miines  and  Feueht,  1072).  This  method  locates  the  con¬ 
duction  band  edge  of  each  material  relative  to  the  vacuum  using  the  experimen¬ 
tally  determined  bulk  electron  affinity.  Inaccuracies  arise  from  experimented  un¬ 
certainties  (typically  tenths  of  eV’s),  and  the  omission  of  surface  and  interface 
effects.  Harrison  (1980)  used  a  unified  tight-binding  model  to  predict  electron 
affinities,  and  thus  ofbets,  theoretically  for  several  materials.  Trends  seem  to  be 
qualitatively  described,  but  the  accuracy  is  limited  by  the  omission  of  interface 
effects  and  self-consistency.  Two  more  detailed,  theoretical  attempts  to  deter¬ 
mine  the  offsets  were  the  electrostatic  potential  matching  scheme  of  FYensley  and 
Kroemer  (1977)  and  the  application  of  the  self-consistent  pseudopotential  method 
(Pickett  at  aL,  1978,  Ihm  et  aL,  1979)  to  the  problem.  As  will  be  shown,  these 
methods  also  had  limited  success.  It  is  possible  that  a  more  detailed  structural 
and  chemical  knowledge  of  the  atomic  layers  very  close  to  the  interface  is  needed 
to  produce  more  accurate  values. 


Tablet  1,  2,  and  3  demonstrate  the  variation  in  the  values  of  the  ofbets  as 
calculated  by  several  methods.  Also  listed  are  experimentally  determined  values, 
which  for  the  GaAs-Ga(i-x)AlxAs  and  InAt-GaSb  superlattices  are  relatively 
well  determined.  For  example,  Table  1  lists  values  for  the  GaAs-AlAs  valence 
band  maxima  discontinuity  as  a  fraction  of  the  total  difference  in  direct  band  gaps 
between  the  two  semiconductors  (see  Fig.  2).  The  generally  accepted  value  is  that 
of  Dingle,  Gossard,  and  Wiegmann  (1975),  AEv/AEt  ■*  0.15.  This  value  was 
originally  determined  fay  using  a  simple  well  model  to  fit  features  in  the  optical 
absorption  spectra  of  the  GaA*-Ga(i-x)AIxAi  superlattice.  It  has  since  then  been 
used  successfully  in  analysing  optical  spectra  from  superlattices,  quantum  wells, 
and  two-dimensional  electron  gases  at  the  GaAs-Ga(i-.x)AlxAs  interface.  Only 
the  theoretical  calculation  of  Pickett  si  aL,  using  a  self-consistent  pseudopotential 
method,  is  close  to  that  of  Dingle  at  aL  The  electrostatic  potential  matching 
scheme  of  Frensley  and  Kroemer  (1977)  and  the  unified  tight-binding  model  of 
Harrison  (1980)  both  produce  discontinuities  which  are  substantially  different  from 
Dingle’s  value. 

The  situation  is  similar  for  the  InA»-GaSb  heterojunction  (Table  2).  The 
critical  parameter  here  is  E9,  the  GaSb  valence  band  maximum  energy  minus  the 
InAs  conduction  band  minimum  energy  (see  Fig.  3).  Several  experiments  have 
been  successfully  analysed  using  values  of  E,  between  0.06  and  0.15  eV.  Using 
electron  affinities  to  locate  the  conduction  band  edges  relative  to  the  vacuum 
level  seems  to  be  accurate  in  this  ease  (Sai-Halass  at  aL,  1977).  It  produces  a 
value  for  Et  of  0.14  eV  which  compares  well  with  the  0.15  eV  value  deduced  from 


analysing  experimental  superlattice  energy  gaps  with  a  simple  two-band  model 
(Sai-Halass  at  aL,  1978a).  Madhukar  at  aL  (1979)  fit  the  same  data  with  a  tight- 
binding  model  and  found  a  value  of  0.06  eV  for  E,.  In  this  ease  Harrison's  method 
agrees  roughly  with  the  experimental  findings,  while  Frensley  and  Kroemer’s  does 
not.  The  self-consistent  pseudo  potential  method  which  seemed  successful  in  the 
GaAs-AlAs  case  is  less  accurate  for  InAs-GaSb,  perhaps  due  to  the  neglect  of  the 
spin-orbit  interaction  (Ihm  at  aL,  1979). 

The  band  offsets  which  have  been  most  extensively  studied  experimentaly 
are  those  of  the  Ge-GaAs  system  (Table  3).  The  consensus  of  the  more  recent 
experiments  (Kraut  at  aL,  1980,  Monch  at  aL,  1980,  Bauer,  1961)  is  that  the 
valence  band  discontinuity  lies  between  0.36  eV  and  0.53  eV.  The  electron  affinity 
rule  (Shay  at  aL,  1976)  fails  here,  while  the  theoretical  approaches  give  a  large 
range  of  values  (Frensley  and  Kroemer,  1977,  Pickett  at  aL,  1978,  Harrison,  1980, 
Banff  at  aL,  1977,  Kune  and  Martin,  1960). 

The  CdTe-HgTe  heterojunction  and  superlattice  are  at  an  early  stage  of 
experimental  investigation.  Measurements  by  Kuech  and  McCaldin  (1962)  imply 
a  valence  band  ofbet  in  this  system  that  is  not  as  small  as  that  predicted  by 
electron  affinity  arguments.  They  speculate,  however  that  this  may  be  caused  by 
inversion  at  the  interface  and  that  the  true  ofbet  may  be  small 

B.  Quantum  Well  Model 

The  electronic  structure  of  superlattices  of  certain  compositions  and  in  cer¬ 
tain  energy  ranges  can  be  obtained  from  a  simple  quantum  well  model  For  ex- 


ample,  the  band  olhets  for  the  GaAs-Ga(i-x)AlxAs  superlattice  are  such  that 
the  bulk  conduction  band  minima  and  valence  band  maxima  line  up  as  shown  in 
Fig.  2.  The  band  gap  of  the  Ga(i-x)AlxAs  forms  a  barrier  to  the  electrons  in  the 
GaAs  conduction  well  and  the  holes  in  the  GaAs  valence  well  The  simplest  cal¬ 
culation  based  on  this  model  uses  the  effective  mass  approximation  and  writes  the 
electronic  wave  function  as  a  plane  wave,  just  as  in  the  Kronig-Penney  problem 
(Esald  and  Tsu,  1070).  The  energy  solutions  form  a  series  of  minibands  within 
the  conduction  and  valence  wells. 

It  is  clear  that  for  values  of  x  such  that  the  Ga(i_x)AlxAs  alloy  has  a  direct 
band  gap,  the  band  edges  indicated  in  Fig.  2  should  be  the  direct  edges.  For 
x  greater  than  0.4  ,  however,  Ga(i-x)AlxAs  has  an  indirect  conduction  band 
minimum  at  the  X-point.  The  quantum  well  model  gives  no  guidance  as  to  which 
minimum  to  use.  In  general,  a  more  detailed  calculation  which  includes  more  of 
the  band  structure  is  needed. 

This  model  has  been  widely  used  to  analyze  experimental  data,  especially 
optical  experiments.  As  long  as  the  widths  of  the  alternating  layers  are  large, 
>  50  A,  the  quantum  well  model  should  give  an  adequate  description  of  the 
electronic  structure  of  tile  lowest  conduction  bands  and  highest  valence  bands. 
This  has  indeed  been  the  case  for  most  of  the  superlattices  on  which  experiments 
have  been  performed. 

Several  steps  can  be  taken  within  this  framework  to  improve  agreement  with 
experiment  over  the  simple  Kronig-Penney  calculation  and  to  extend  the  validity 
of  the  model  over  a  larger  energy  range.  A  major  defect  in  the  model  is  the  as- 
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turned  parabolic  bulk  energy  dispersion  curves  at  all  energies  resulting  from  the 
the  effective  mass  approximation.  Since  the  accuracy  in  the  determination  of  the 
superlattice  energy  levels  can  be  no  better  than  that  for  the  bulk  semiconductors, 
it  is  important  to  use  bulk  dispersion  curves  which  are  as  accurate  as  possible. 
Fig.  4  illustrates  the  deviation  from  parabolicity  of  the  bulk  GaAs  and  AlAs 
energy  bands  in  the  fundamental  band  gap  region.  It  shows  parabolic  dispersion 
curves  superimposed  on  dispersion  curves  determined  from  a  tight-binding  cal¬ 
culation  with  the  same  effective  masses  at  the  valence  and  conduction  band  edges 
(Schulman  and  Chang,  1981a).  In  order  for  a  superlattice  state  energy  to  be 
correctly  computed  from  a  Kronig-Penney  model  calculation,  it  is  necessary  that 
the  energy  he  within  the  parabolic  regions  of  the  GaAs  and  AlAs  bulk  bands. 

It  can  be  seen  that  the  GaAs  conduction  band  parabolic  curve  begins  to 
depart  significantly  from  the  results  of  the  tight-binding  calculation  for  energies 
greater  than  roughly  0.5  eV  above  the  conduction  band  minimum.  Fortunately, 
most  recent  experiments  on  GaA»-Ga{i-x)AlxAs  superlattices  have  investigated 
electronic  states  which  fall  within  this  range  of  energy.  For  example  a  GaAs- AlAs 
superlattice  made  from  alternating  layers  with  widths  of  50A  each  has  a  lowest 
conduction  band  energy  of  only  about  0.1  eV  above  the  GaAs  edge  (Mendes  et 
aL,  (1981)).  Thus,  the  departure  from  parabolicity  in  superlattices  with  thicker 
GaAs  layers,  or  for  superlattices  with  Ga(i_x)AlxAs  layers  replacing  the  AlAs 
(which  can  also  have  small  lowest  conduction  band  energies)  is  moderate. 

Also  important  is  the  effect  of  non-par abolicity  in  the  Ga(i-x)AlxAs  layers. 
The  lowest  superlattice  conduction  band  energy,  while  quite  close  to  the  GaAs 
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conduction  band  edge,  is,  because  of  the  band  offsets,  far  from  the  Ga(i-x)AlxAs 
conduction  band  edge  at  the  sone  center,  except  for  small  values  of  x.  Thus, 
the  deviation  from  parabolicity  in  the  Ga(i-x)AlxAs  can  be  substantial.  The 
extreme  case,  shown  in  Fig.  4  for  x  *  1,  results  in  a  large  difference  in  bulk  kM 
between  the  tight-binding  and  parabolic  dispersion  curves  for  energies  close  to  the 
GaAs  conduction  band  edge.  Again,  many  of  the  experimental  results  reported 
in  the  literature  which  were  analysed  using  the  Kronig-Penney  model  pertained 
to  GaAs-Ga(i-x)AlxAs  superlattices  with  small  values  of  x,  so  that  large  errors 
would  not  be  expected  in  those  cases.  Also,  since  the  superlattice  state  in  this 
energy  range  is  highly  localised  in  the  GaAs  layers,  the  Ga(i-x)AlxAs  dispersion 
is  less  important  in  influencing  the  superlattiee  state  energy. 


An  illustration  of  the  error  resulting  from  the  use  of  a  Kronig-Penney  cal¬ 
culation  for  the  quantum  well  model  is  shown  in  Fig.  5  (Schulman  and  Chang, 
1981a).  Superlattice  conduction  minimum  dispersion  curves  in  the  z  direction 
calculated  using  the  Kronig-Penney  and  tight-binding  methods  are  shown  for  su¬ 
perlattices  with  two  layers  of  AlAs  alternating  with  a  varying  number  of  GaAs 


Figure  5  also  shows  that  for  energies  above  psO.52  eV  the  predictions  of  the 
two  methods  diverge.  The  tight- binding  curves  flatten  out  at  this  energy,  whereas 
the  Kronig-Penney  curve  continues  to  increase  with  increasing  perpendicular  wave 
vector.  Its  significance  is  that  it  is  the  indirect  conduction  band  minimum  energy 
at  the  X-point  in  both  GaAs  and  AlAs  (with  the  specified  band  offsets).  Near  it, 
the  superlattice  state  is  more  closely  related  to  the  bulk  X-point  states  than  it 
is  to  the  sone  center  states.  The  Kronig-Penney  model  ignores  these  states  and 
thus  it  fails  completely  here.  Note  that  this  energy  is  far  below  the  AlAs  direct 
conduction  band  minimum. 

There  have  been  several  attempts  to  improve  the  Kronig-Penney  model 
while  keeping  within  the  same  basic  framework.  Mukherji  and  Nag  (1075,  1078) 
modified  the  very  simplest  model  by  using  different  effective  masses  for  the  two- 
constituent  semiconductors.  They  also  artificially  imposed  a  modification  of  the 
parabolic  dispersion  curve  using  Kane’s  relationship  for  an  energy  dependent 
effective  mass.  GaA*-Ga(i-x)AlxAs  superlattice  conduction  band  energies  were 
calculated  for  superlattices  with  z  values  of  0.2,  0.5,  and  0.7.  The  GaAs  layer 
width  used  was  50A,  while  the  Ga{i-x)AlxAs  width  varied  from  10A  to  100A. 
They  found  that  including  non-parabolicity  decreased  the  superlattice  conduction 
state  energies  (measured  relative  to  the  GaAs  conduction  band  minimum)  by  as 
much  as  15%  for  z  »  0.2  and  25%  for  z  ™  0.5  and  0.7. 

In  addition,  Mukherji  and  Nag  made  the  first  attempt  to  evaluate  the  effect  of 
the  indirect  Ga(i-x)AlxAs  X-point  conduction  band  minimum  on  the  superlattice 
conduction  band  states.  They  found  that  the  lowest  energy  states  were  not  related 


to  the  X-point  minimum,  even  for  x  values  such  that  Ga(i_x)AlxAs  is  indirect. 
They  predicted  additional  narrow  bands  above  the  conduction  band  minimum 
which  would  be  derived  from  the  X-point  states.  This  result  is  supported  by  the 
tight-binding  calculation,  as  shown  in  Fig.  5. 


In  general  the  simple  Kronig-Penney  model  must  be  applied  with  special 
care  when  analyzing  experiments  in  which  optical  transitions  between  superlattice 
states  composed  of  bulk  states  away  from  the  zone  center  are  important.  This 
was  attempted  by  Mendez  at  aL  (1981)  in  their  analyses  of  electroreflectance 
spectra  of  In(i-x)GaxAa  -GaSb(i_y)Asy  and  G aAs-G a( l-x)Alx As  superlattices. 
Not  surprisingly,  they  showed  that  the  variation  of  the  optical  transition  energies 
for  transitions  away  from  the  zone  center  as  a  function  of  layer  thickness  in  the 
In(l-x)GaxAs  -GaSb(i_y)Asy  system  did  not  follow  Kronig-Penney  behavior. 
The  more  complicated  behavior  they  did  observe  must  be  analysed  using  Mukherji 
and  Nag’s  method  or  the  more  detailed  tight-binding  or  pseudopotential  methods 
which  can  describe  bulk  band  structures  away  from  the  sone  center. 


C.  Two-Band  Models 


The  two-band  model  is  the  simplest  model  which  realistically  incorporates 
some  elements  of  the  band  structure  of  the  constituent  semiconductors.  The  two 
bands  of  interest  are  the  lowest  conduction  band  and  the  light  hole  band.  It 
provides  two  major  improvements  over  a  Kronig-Penney  type  calculation.  First, 
the  bulk  dispersion  curves  resulting  from  the  model  are  parabolic  near  the  sone 
center,  but  contain  the  corrections  to  parabolieity  for  larger  values  of  the  wave 
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vector.  In  fact,  an  excellent  estimate  of  the  departure  from  parabolieity  of  the 
bulk  bands,  and  thus  of  the  accuracy  of  a  superlattice  energy  calculated  using  the 
Kronig-Penney  model,  can  be  estimated  using  simple  formulas  derivable  from  a 
Kane  type  two- band  model  (Kane,  1957).  The  bulk  conduction  and  valence  band 
dispersion  curves  in  this  model  can  be  written  as  (Schulman  and  McGill,  1981) 

If*  7 
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Here,  Ev  is  the  energy  of  the  valence  band  edge,  m_  is  the  valence  band  effective 
mass,  m_|_  is  the  conduction  band  effective  mass,  and  Ea  is  the  band  gap.  Other 
two  band  models  would  produce  slightly  different  forms  for  the  dispersion  relation 
as  compared  to  Eq.  (3),  depending  on  the  basis  set  used  (Sai-Hmtt*s  ek  aL,  1978b). 

The  second  improvement  over  the  Kronig-Penney  model  is  that  the  two-band 
model  recognizes  that  Bloch  states  are  matched  at  the  interfaces.  In  the  Kronig- 
Penney  model  the  states  are  plane  waves  with  different  normal  components  of  the 
wave  vectors  in  the  two  alternating  layers.  No  account  is  taken  of  the  differences 
in  the  periodic  part  of  the  bulk  Bloch  functions,  which  are  ignored.  The  two-band 
model  allows  the  Bloch  functions  in  each  material  to  differ  from  each  other.  This 
makes  the  boundary  conditions  at  the  interfaces  more  realistic,  although  more 
complicated. 

Also,  the  use  of  Bloch  functions  in  the  two- band  model  includes  the  possible 
mixing  of  bulk  states  from  different  bands  in  forming  the  superlattice  state.  This 
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is  an  especially  important  effect  in  the  InAs-GaSb  superlattice  in  which  the  band 
offsets  are  such  that  the  InAs  lowest  conduction  band  is  near  in  energy  to  the 
GaSb  valence  band  msvimiim.  Superlattice  states  which  mix  the  InAs  conduction 
band  state  and  the  GaSb  light  hole  state  would  be  expected  (Sai-Halass  at  aL, 
1977).  A  similar  effect  occurs  in  the  GaAs-Ga(i_x)AlxAs  superlattice  valence 
bands  where  the  light  hole  and  spin-orbit  split-off  bands  can  interact.  Section  IV 
will  give  examples  of  this  mixing. 

There  have  been  two  types  of  two-band  model  calculations  carried  out  for 
superlattices:  those  based  on  a  Kane  type  analysis  (Sai-Halass  at  aL,  1977,  White 
and  Sham,  1981,  Bastard,  1981,1982b)  and  those  baaed  on  the  tight- binding 
method  (Sai-Halass  at  aL,  1978b,  Ivanov  and  Poilmann,  1979).  Sai-Halass  at 
aL  (1977)  used  Bloch  functions  obtained  from  Kane’s  two-band  Hamiltonian  to 
replace  the  plane  waves  of  the  Kronig-Penney  model.  The  superlattice  dispersion 
relation  was  then  obtained  by  matching  the  ware  function  and  its  derivative  at 
the  interfaces.  The  resulting  superlattice  dispersion  relation  is 


cos  (Ado)  «  cos(&i  rfijcos  (£2^2)  —  /-sin(Ai<fi)sin(A2da), 
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Here,  k  is  the  superlattice  wave  vector  in  the  direction  perpendicular  to  the 
interface,  do  is  the  superlattice  period,  d\  and  <h  are  the  thicknesses  of  the 
alternating  slabs,  ki  and  kz  are  the  wave  vectors  of  the  Bloch  states  in  the 
alternating  layers,  and  ui,  ua,  u\  and  are  the  values  of  the  periodic  parts  of  the 
Bloch  states  and  their  first  derivatives  in  the  alternating  slabs  at  the  interfaces. 
The  Kronig-Penney  formula  is  recovered  if  the  logarithmic  derivatives  are  set 
equal  to  sero. 

The  effect  of  including  two  bands  in  their  calculation  is  clearly  demon¬ 
strated  in  Fig.  6.  The  superlattice  dispersion  curves  for  three  In(i-x)GaxAs 
-GaSb(i_y)Asy  superlattices  with  three  sets  of  x,  y  valuer  (a)  x«0,  y— «0,  (b) 
x*»0.75,  y*»0.15,  (c)  x— 0.67,  y— 0.70  are  shown.  The  bulk  conduction  and 
valence  band  edges  and  the  band  offsets  are  also  indicated.  In  case  (c),  the  dis¬ 
persion  curves  calculated  using  the  Kronig-Penney  and  two-band  models  are  al¬ 
most  identical.  This  follows  from  the  large  energy  separation  between  the  bulk 
In(l-x)G*xA3  conduction  band  and  the  bulk  valence  band  of  the  GaSb(i-y)Asy 
.  Substantial  deviation  from  the  Kronig-Penney  model  is  found  for  alloy  super¬ 
lattices  (a)  and  (b)  in  which  the  conduction  and  valence  bands  of  the  different 
materials  are  close  in  energy. 

G.  Bastard  (1981,1982b)  made  use  of  the  same  Kane  formalism  and  also  ob¬ 
tained  Eq.  (4).  Investigating  the  boundary  conditions  in  more  detail,  he  expressed 
the  correction  to  the  Kronig-Penney  boundary  conditions  for  the  quantum  well 
model  in  a  simple  way.  First,  the  effective  mass  envelope  function  is  assumed  con¬ 
tinuous  across  the  interface.  Then,  the  derivative  of  the  envelope  function  divided 
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by  a  simple  function  of  the  band  energy  is  matched.  This  reduces  to  matching 
the  derivative  divided  by  the  effective  mass  at  interfaces  in  which  band  mixing  is 
small,  such  as  in  the  GaAs-Ga(i-x)AlxAs  superlattice.  For  the  interacting  band 
case,  the  InAs-GaSb  superlattice,  the  full  expression  is  used. 

The  other  two- band  calculation  based  on  the  Kane  model  is  that  of  White 
and  Sham  (1981).  White  and  Sham  derived  boundary  conditions  which  matched 
light  hole  band  and  conduction  band  wave  functions  across  the  interfaces,  but 
not  their  derivatives.  Bastard(1982b)  has  demonstrated  the  equivalence  of  these 
boundary  conditions  with  his  own.  Since  both  Bastard’s  and  White  and  Sham’s 
methods  produce  reasonable  agreement  with  experimental  data,  it  is  probable 
that  the  inaccuracies  in  their  boundary  conditions  are  not  significant  within  the 
range  in  winch  the  two-band  model  is  applicable.  As  shown  in  section  IV  C,  more 
than  two  bands  can  contribute  significantly  to  the  superlattice  wave  functions 
close  to  the  interface,  so  that  their  boundary  conditions  would  not  be  expected 
to  be  particularly  accurate  in  general  In  a  recent  development(Aharelli,  1982), 
Altarelli  has  devised  a  new,  very  efficient  method  for  calculating  superlattice 
electronic  porperties  within  a  similar  two-band  kane  model  framework. 

There  have  been  two  two-band  model  calculations  on  superlattices  based  on 
the  tight-binding  method,  one  for  the  InAs-GaSb  superlattice  (Sai-Halass  et  aL, 
1978b)  and  one  for  the  G aAs-G a{  i_x }Alx Ai  superlattice  (Ivanov  and  Pollmann, 
1979).  Both  use  a  basis  set  consisting  of  one  s  orbital  on  the  cation  and  one  p 
orbital  on  the  anion.  The  empirical  parameters  were  chosen  to  reproduce  the 
experimental  bulk  data  on  band  gaps,  effective  masses  and  band  offsets.  Thus, 


these  models  could  be  expected  to  describe  the  lowest  conduction  band  and  light 
hole  valence  band  welL  In  addition,  Sai-Halass  et  aL  included  the  dispersion 
in  the  heavy  hole  band  by  allowing  p  orbitals  on  the  cation  to  interact  with 
the  p  orbitals  on  the  anion.  Both  calculations  produced  superlattice  dispersion 
curves  and  thickness  dependent  energy  levels.  Also,  Sai-Halass  et  aL,  used  a 
self-consistent  Thomas-Fermi  approximation  to  investigate  band  bending  in  the 
InAs-GaSb  superlattice. 

A  notable  feature  of  both  of  these  calculations  is  that  unlike  the  conventional 
tight-binding  model  the  complexity  of  these  calculations  does  not  increase  with 
the  thickness  of  the  alternating  superlattice  layers.  Sai-Halass  et  aL  replaced  the 
Hamiltonian  method  with  a  transfer  matrix  approach.  The  superlattice  bands  are 
found  by  examining  the  trace  of  the  transfer  matrix.  Ivanov  and  Polknann  used 
an  equivalent  approach  based  on  a  resolvent  technique  within  a  Green’s  function 
formulation  of  scattering  theory. 

The  limitation  of  the  two-band  model  is  that  it  is  valid  only  within  a  limited 
energy  range.  A  major  improvement  of  the  two-band  model  over  the  quantum 
well  model  is  in  its  ability  to  describe  the  bulk  dispersion  curve  for  imaginary 
values  of  the  wave  vector,  ka.  As  shown  in  Fig.  4,  a  GaAt-AlAs  superlattice  state 
with  an  energy  slightly  above  the  GaAs  conduction  band  minimum  has  an  energy 
which  lies  well  within  the  AlAs  band  gap.  The  two-band  model  produces  an 
excellent  approximation  to  the  full  tight-binding  dispersion  curve  which  connects 
the  conduction  band  minimum  and  valence  band  maximum  across  the  AlAs  gap. 
The  two  curves  fall  almost  on  top  of  each  other  in  Fig.4.  The  superlattice 
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dispersion  curve  which  results  is  in  closer  agreement  with  that  of  the  full  tight- 
binding  calculations  than  that  of  the  quantum  well  calculation  (Fig.  5)  in  both 
energy  location  and  in  shape  of  the  curve.  The  two-band  model  also  fails,  however, 
when  the  superlattiee  energy  approaches  the  X-point  energy  and  for  the  same 
reason:  the  bulk  band  structure  away  from  Re(ks)  *  0  is  ignored. 

The  two-band  model  is  obviously  inadequate  in  describing  superlattice  states 
in  which  more  than  two  bulk  states  may  be  expected  to  contribute  significantly. 
For  example,  the  band  offsets  in  the  InAs-GaSb  super  lattice  are  such  that  cer¬ 
tain  superlattice  valence  band  state  energies  are  near  the  InAs  conduction  band 
minimum,  the  GaSb  light  hole  band  maximum,  and  the  GaSb  spin-orbit  split-off 
band  mnmmum.  A  more  detailed  model  is  thus  necessary  to  include  all  three 
bulk  states. 


D.  Full  Tight-binding  Models 

The  simplest  model  which  incorporates  a  realistic  description  of  the  bulk 
band  structures  is  the  tight-binding  model.  First  introduced  for  the  GaAs-AlAs 
superlattice  (Schulman  and  McGill,  1977,  1979c),  it  has  also  been  applied  to  the 
InAs-GaSb  (Nucho  and  Madhukar,  1978,  Madhukar  et  aL,  1979,  Madhukar  and 
Nucho,  1979),  CdTe-HgTe  (Schulman  and  McGill,  1979a,  1979b,  1981),  Si-GaP 
(Madhukar  and  Delgado,  1981),  and  GaAs-GaAsP  (Osbourn,  1982)  superlattices. 
As  most  commonly  employed,  the  tight-binding  method  makes  use  of  one  s-orbital 
and  three  p-orbitals  per  anion  and  cation.  Thus,  a  total  of  eight  bands,  four 
valence  and  four  conduction,  can  be  described.  As  in  the  two- band  model,  the 
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empirical  parameters  in  the  theory  are  chosen  to  reproduce  features  in  the  bulk 
band  structures  such  as  optical  transition  energies  and  effective  masses.  The 
valence  bands  are  quite  accurately  fit  in  this  way  (Chadi  and  Cohen,  1975).  The 
conduction  bands  are  more  troublesome,  but  can  also  be  adequately  described  for 
the  purposes  of  a  superlattice  calculation  by  including  second  neighbor  overlap 
parameters  (Schulman  and  McGill,  1977)  or  more  orbitals  (Schulman  and  Chang, 
1981a). 

The  overlap  parameters  between  orbitals  on  opposite  sides  of  the  interface 
between  the  two  alternating  semiconductors  must  be  considered  separately.  In 
superlattices  with  a  common  anion,  such  as  GsAs-AlAs,  the  As-cation  overlaps 
have  been  taken  to  be  the  same  as  for  the  bulk  materials.  The  second  neighbor 
cation  matrix  elements  and  the  on-site  As  matrix  elements  were  taken  to  be 
the  average  of  those  for  the  two  bulk  materials  (Schulman  and  McGill,  1977). 
The  InAs-GaSb  calculations  made  use  of  bulk  InSb  and  GaAs  parameters  at  the 
interfaces  (Nucho  and  Madhukar,  1978). 

These  assumptions  point  out  the  main  limitation  of  the  tight-binding  method: 
the  approximate  description  of  the  interface  electronic  structure.  This  model,  like 
the  quantum  well  and  two-band  models,  assumes  a  bulk-like  potential  right  up 
to  the  interface.  No  self-consistency  in  the  electronic  density  or  atomic  rear¬ 
rangement,  which  would  modify  the  potential  near  the  interface,  is  included. 
Fortunately,  as  will  be  discussed  subsequently,  calculations  which  include  a  self- 
consistent  redistribution  of  electronic  charge  show  that  its  effect  is  small  and 
of  short  range.  Also,  for  lattice  matched  semiconductors  with  similar  valence 


electronic  structure  little  atomic  rearrangement  is  expected. 


As  mentioned  previously,  the  original  formulation  of  the  tight-binding  method 
for  superlattices  made  use  of  a  Hamiltonian  matrix  whose  dimension  grows  linearly 
with  the  superlattice  unit  cell  length  in  the  * -direction.  This  was  a  serious  limita¬ 
tion  on  the  usefulness  of  the  method,  as  superlattices  of  only  about  forty  atoms  per 
unit  cell  in  the  ^-direction  could  be  handled.  Recently,  an  equivalent  reformular 
tion  of  the  method  has  been  developed  (Sehulman  and  Chang,  1981a,  1983)  which 
employs  a  Hamiltonian  of  constant  dimension.  In  addition,  this  method  allows  a 
clear  analysis  of  the  superlattice  electronic  state  in  terms  of  the  bulk  Bloch  states 
of  which  it  is  composed. 

In  this  method  the  superlattice  state  of  energy  E  and  specified  %t  is  written 
as  in  eqs.  (1)  and  (2)  as  a  sum  of  bulk  Bloch  states  with  complex  values  of  kM.  The 
number  of  Bloch  states  needed  is,  for  instance,  sixteen  for  each  material  for  a  (100) 
•uperlattice  when  four  orbitals  per  atom  and  up  to  second  neighbor  interactions 
are  included  (Osbourn  and  Smith,  1979).  They  can  be  found  using  the  method 
of  Chang  and  Sehulman  (1982)-  or  Sehulman  and  Chang  (1983).  The  thirty- 
two  Bloch  states  thus  form  a  basis  in  which  the  Hamiltonian  matrix  is  written. 
Diagonalizing  this  Hamiltonian  gives  the  superlattice  state  energy  and  the  correct 
linear  combination  of  Bloch  states  needed  to  describe  it.  Since  the  Bloch  states 
which  form  the  basis  are  energy  dependent,  however,  it  is  necessary  to  iterate 
this  method  so  that  the  energy  resulting  from  diagonalizing  the  Hamiltonian  is 
the  same  as  that  used  in  finding  the  Bloch  states.  In  practice,  very  few  (two  to 
five)  iterations  are  needed  and  the  computer  time  involved  is  insignificant. 
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E.  Pseudopotential  Method 


The  pseudopotential  method  is  the  most  sophisticated  of  the  methods  so  far 
described.  Its  principle  advantage  is  that  it  incorporates  detailed,  albeit  pseudo¬ 
wave  functions.  With  the  pseudo- wave  functions,  the  valence  charge  density  and 
the  resulting  electrostatic  potentials  can  be  estimated. 

The  pseudopotential  model,  as  it  has  been  applied  to  superlattkes,  also 
has  empirical  parameters  that  must  be  determined.  The  parameters  in  this 
case  determine  the  form  and  intensity  of  the  atomic  pseudopotentials.  They 
have  been  fit  by  attempting  to  reproduce  features  of  the  atomic  or  the  bulk 
electronic  structures  or  both.  The  empirical  pseudopotential  method  (Caruthers 
and  Lin-Chung,  1977,  1978,  Andreoni  ft  aL,  1978)  uses  these  parameters  to 
create  the  superlattice  potential  by  superimposing  the  atomic  pseudopotentials. 
A  basis  set  (usually  plane  wave)  is  chosen  and  the  electronic  properties  are 
calculated  by  diagonalizing  the  Hamiltonian.  The  self-consistent  pseudopotential 
method  continues  and  calculates  a  new  electrostatic  potential  based  on  the  charge 
distribution  given  fay  the  wave  functions. 

The  self-consistent  pseudopotential  method  allows  a  direct  determination  of 
the  band  offsets  between  the  two  semiconductors.  The  most  common  method  for 
achieving  this  (Pickett  si  aL,  1978,  Ihm  ft  aL,  1979,  Kune  and  Martin,  1980)  is 
to  determine  the  average  electrostatic  potentials  in  the  separate  bulk  materials 
and  then  to  determine  them  again  on  either  side  of,  and  away  from,  an  interface 
formed  by  joining  them.  The  shift  in  the  difference  between  the  potentials  of  the 
two  materials  determines  the  offsets. 
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The  *"*«n  disadvantage  of  the  pseudopotential  method  is  the  computational 
difficulties  involved  for  superlattices  with  large  alternating  layer  thicknesses.  For 
example,  Caruthers  and  Lin-Chung  in  their  non-self-consistent  calculation  found 
that  for  a  general  wave  vector  the  largest  GaAs-AlAs  superlattice  for  which  it 
was  practical  to  cany  out  their  calculation  consisted  of  just  three  layers  of  GaAs 
alternating  with  three  layers  of  AlAs  (Caruthers  and  Lin-Chung,  1978).  At  the 
some  center,  they  could  treat  a  total  of  eighteen  layers  of  GaAs  and  AlAs  per 
superlattice  unit  cell.  It  is  possible  that  this  limitation  could  be  eliminated  by 
expanding  the  superlattice  state  in  terms  of  bulk  states  with  complex  values 
of  kM,  as  was  done  within  the  tight-binding  formalism.  A  method  which  finds 
the  complex  kM  states  within  the  pseudopotential  and  k  p  formalisms  has  been 
developed  (Chang  and  Schulman,  1982),  but  it  has  not  yet  been  applied  to  the 
superlattice  problem. 

Another  difficulty  of  the  pseudopotential  method  is  one  it  shares  with  the 
tight-binding  method.  Similar  calculations  carried  through  based  on  somewhat 
different  empirical  pseudopotential  parameters  give  conflicting  results.  This  will 
be  discussed  in  more  detail  in  Section  IV. 

The  non-self-consistent  pseudopotential  method  has  an  additional  difficulty 
when  applied  to  the  superlattice  problem.  As  it  has  been  applied  so  far,  the 
band  offsets  between  the  bulk  semiconductors  are  a  product,  not  an  input,  of 
the  calculation  (Caruthers  and  Lin-Chung,  1978).  However,  Pickett  et  aL  (1978) 
have  shown  for  the  (110)  Ge-GaAs  and  GaAs- AlAs  interfaces  that  the  ofbets 
can  change  substantially  when  self-consistency  is  included.  It  is  unclear  whether 


the  oftets  produced  by  the  nonself-consistent  calculations  agree  with  accepted 
values. 

IV.  ELECTRONIC  PROPERTIES 

In  this  section  we  will  discuss  a  few  of  the  electronic  properties  of  semicon¬ 
ductor  superlattices  which  have  been  investigated  theoretically  using  the  methods 
of  Section  m.  Of  special  interest  is  the  electronic  structure  in  the  energy  range 
of  the  band  gap,  for  example,  band  gap  dependences  on  superlattice  parameters 
and  the  character  of  the  electronic  states.  Also  to  be  discussed  are  the  related 
problems  of  the  confinement  of  electronic  states  and  the  mixing  of  bulk  states  by 
the  superlattice  potential. 

The  focus  in  this  section  will  be  on  the  two  superlattice  systems  which  have 
been  the  most  thoroughly  investigated  theoretically.  These  are  the  GaAs-AlAs 
and  InAs-GaSb  superlattices.  Also  to  be  mentioned  is  the  CdTe-HgTe  super¬ 
lattice.  This  system  has  only  recently  been  fabricated  in  the  laboratory  (Fhurie, 
1981).  Prior  theoretical  calculations  (Schulman  and  McGill,  1979a,  1979b)  predict 
unique  properties  for  this  superlattiee. 

A.  Interface  Electronic  Structure 

The  electronic  properties  of  semiconductor  interfaces  have  been  studied  ex¬ 
tensively  and  reviewed  elsewhere  (Polhnann,  1980).  There  are  two  important 


results  from  these  calculations  which  are  most  relevant  to  superlattices.  The  first 
is  the  values  of  the  band  offsets.  This  has  been  discussed  in  Section  IL  The  second 
and  related  result  is  the  effect  of  the  interface  on  the  electrostatic  potential  and 
thus  the  superlattice  Hamiltonian.  If  the  presence  of  the  interface  disrupts  the 
potential  at  large  distances  away  from  the  interface  the  approximation  employed 
by  the  quantum  well,  two  band,  and  tight-binding  models,  consisting  of  using 
parameters  characteristic  of  the  bulk  materials  close  to  the  interface,  is  inade¬ 
quate. 

Fortunately,  detailed  studies  of  the  interface  potential  show  that  the  inter¬ 
facial  disruption  can  be  slight  and  highly  localised  within  two  or  three  atomic 
planes  from  the  interface.  For  example,  Fig.  7  shows  the  potential  averaged 
over  planes  parallel  to  the  interface  near  the  GaAs-AlAs  and  Ge-GaAs  interfaces 
(Pickett  et  aL,  1978).  It  can  be  seen  that  the  potential  is  indistinguishable  from 
bulk-like  within  two  layers.  The  main  effect  of  the  joining  of  the  two  materials  is 
the  shift  in  average  bulk  potentials  brought  about  by  the  self-consistent  iteration. 
The  effect  is  incorporated  in  the  value  of  the  band  offset  and  thus  can  be  included 
empirically  in  the  less  sophisticated  models. 

The  short  range  of  the  disruption  near  the  interface  is  not  surprising  for  two 
lattice  matched  semiconductors  with  similar  chemical  character  such  as  GaAs- 
AlAs,  InAs-GaSb,  and  CdTe-HgTe.  Other  pairs  of  materials  may  not  be  so  simple 
and  could  exhibit  as  yet  unknown  reconstruction  and  charge  transfer. 
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Since  the  alternating  materials  out  of  which  a  superlattice  is  constructed  are 
semiconductors,  it  is  not  surprising  that  the  superlattice  itself  is  also  usually  a 
semiconductor.  Of  practical  significance  is  the  fact  that  the  superlattice  band 
gap  is  adjustable  by  varying  the  thicknesses  of  its  alternating  layers. 

There  have  been  several  calculations  of  the  superlattice  band  gap  dependence 
on  layer  thickness  for  the  GaAs-AlAs,  for  the  InAs-GaSb,  and  for  the  CdTe-HgTe 
systems.  The  GaAs-AlAs  superlattice  will  be  discussed  first. 

For  large  GaAs  and  AlAs  alternating  layer  thicknesses,  the  band  gap  depen¬ 
dence  is  smooth  and  monotonieally  decreasing  with  GaAs  layer  thickness,  just  as 
would  be  the  case  for  a  series  of  square  wells  separated  by  finite  barriers.  Both  the 
conduction  electrons  and  the  valence  holes  in  the  GaAs  layers  near  the  band  edges 
are  in  these  effective  wells,  as  seen  in  Fig.  2.  The  Kronig-Penney,  two-band  and 
tight-binding  models  all  show  this  simple  behavior  down  to  very  thin  GaAs  and 
AlAs  layer  thicknesses  —  about  lOA.  So  do  two  of  the  three  pseudopotential  cal¬ 
culations  performed  on  this  system  (Andreoni  et  aL,  1978,  Pickett  et  aL,  1978). 
The  exception  is  the  pseudopotential  calculation  of  Caruthers  and  Lin-Chung 
(1978).  They  find  an  almost  flat  variation  of  band  gap  with  layer  thickness  for  up 
to  nine  atomic  layers  each  of  GaAs  and  AlAs  (as  compared  with  Kronig-Penney 
behavior).  Consistent  with  this  result  is  that  the  lowest  conduction  band  state  in 
their  calculation  does  not  resemble  the  state  for  a  particle  in  a  welL  Instead,  it 
has  a  large  charge  density  very  close  (within  two  atomic  layers)  to  the  GaAs-AlAs 
interfaces.  They  conclude  that  this  is  caused  by  an  abruptly  changing  potential 


at  the  interface.  Andreoni  et  aL(l978),  and  implicitly  all  others  who  have  calcu¬ 
lated  the  band  gap  variation  claim  that  Caruthers  and  L in-Chung  overestimated 
the  cationic  potential  difference  and  thus  the  abruptness  of  the  change  in  the 
interface  potential 

For  very  thin  layers,  the  quantum  well  model  does  break  down.  Andreoni  et 
aL  find  that  the  thin  layer  superlattices  have  band  structures  very  close  to  that 
of  the  alloy  with  the  same  composition.  The  tight- binding  study  of  Schulman 
and  McGill  (1979c)  is  in  qualitative  agreement,  but  predicts  a  faster  decrease 
in  band  gap  with  increasing  thickness.  This  may  be  due  to  the  inaccuracies  in 
the  effective  masses  produced  by  the  particular  choice  of  parameters  in  the  tight- 
binding  model  Indeed,  subsequent  studies  using  the  tight-binding  model  have 
been  careful  to  ensure  that  experimental  effective  masses  were  obtained.  This  has 
resulted  in  the  more  successful  reproduction  of  experimental  band  gaps. 

The  InAa-GaSb  superlattice  band  gap  variation  cannot  be  analyzed  in  quite 
so  simple  a  manner,  but  the  well  model  still  leads  to  a  qualitative  understanding. 
Fig.  3  shows  that  the  bottommost  conduction  states  should  be  localized  in  the 
InAs  layers  while  the  topmost  valence  states  would  be  mostly  in  the  GaSb  layers. 
What  is  not  obvious  is  the  relative  energy  positioning  of  the  lowest  InAs  and 
highest  GaSb  like  state.  For  large  layer  thicknesses,  in  fact,  the  states  cross:  the 
InAs  state  has  a  lower  energy  than  the  GaSb  state.  When  this  occurs,  the  super¬ 
lattice  becomes  a  semi-metal  (Chang  et  aL,  1979,  Guldner  et  aL,  1980).  Rough 
agreement  for  the  thickness  at  cross-over  exists  among  theoretical  calculations 
(Sai-Halasz  et  aL,  1978b,  Madhukar  et  aL,  1979,  Chang,  1980)  and  experiment 
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(Chang  et  aL,  1979)  -  about  100 A  each  of  InAs  and  GaSb. 

The  problem  with  the  quantum  well  model  as  applied  to  the  InAs-GaSb 
superlattice  is  that  the  well  limits  are  not  well  defined.  For  example,  the  bottom¬ 
most  conduction  state,  which  is  mostly  localised  in  the  InAs  layers,  will  decay 
into  the  GaSb  layers.  However,  the  effective  well  edge  which  governs  the  decay  is 
not  simply  the  GaSb  conduction  band  edge,  because  the  InAs  state  can  join  onto 
the  GaSb  light  hole  state  as  well  as  the  GaSb  conduction  minimum  state. 

A  similar  situation  exists  for  the  CdTe-HgTe  superlattice.  Due  to  their 
common  anions,  band  offsets  for  this  superlattice  have  been  conjectured  to  be 
such  that  the  valence  band  maxima  of  bulk  CdTe  and  HgTe  are  very  close  in 
energy  (Schulman  and  McGill,  1979a),  Fig.  8.  The  sero  band  gap  of  HgTe 
and  the  small  value  of  the  valence  band  discontinuity  lead  to  unique  band  gap 
behavior.  The  state  at  the  conduction  band  minimum  in  the  superlattice  is 
made  up  of  conduction  band  states  in  the  HgTe  layers,  as  the  simple  quantum 
well  model  would  lead  one  to  expect.  However,  the  large  (1.6  eV)  conduction 
band  discontinuity  does  not  confine  the  electron.  The  close  proximity  of  the 
CdTe  valence  band  maximum  to  the  HgTe  conduction  band  minimum  allows  the 
elections  to  tunnel  through  the  CdTe  layers  with  relative  ease  (Schulman  and 
McGill,  1981).  This  superlattice  also  exhibits  an  interesting  transition  from  an 
alloy-like  conduction  minimum  electronic  structure  for  small  layer  thicknesses  to 
quantum  well  behavior  as  the  layer  thickness  increases  (Schulman  and  McGill, 
1979b).  This  is  manifested  by  a  transition  in  symmetry  of  the  conduction  band 
minimum  state  as  the  layer  thickness  increases.  The  overall  dependence  of  band 


gap  on  layer  thickness  follows  the  trend  explained  by  the  well  model  (Schulman 
and  McGill,  1979a;  Bastard,  1982b).  The  gap  goes  to  zero  for  large  HgTe  layer 
thicknesses,  and  increases  with  decreasing  HgTe  layer  thickness  or  increasing 
CdTe  (“barrier”)  thickness. 

C.  Superlattice  Wave  Functions 

As  discussed  previously,  the  short  range  of  the  interfacial  disruption  of 
the  otherwise  bulk-like  potential  allows  the  superlattice  state  to  be  accurately 
described  as  a  linear  combination  of  bulk  states  in  each  material  with  complex 
wave  vector  values.  In  this  section  the  decomposition  of  the  superlattice  state 
into  its  bulk  state  components  will  be  illustrated.  As  a  particular  example, 
several  valence  band  superlattice  states  at  the  Brillouin  zone  center  of  the  (100) 
GaAs-AlAs  superlattice  consisting  of  50A  (seventeen  atomic  double  layers)  of 
GaAs  alternating  with  the  same  amount  of  AlAs  will  be  examined  in  detail. 
The  theoretical  framework  used  is  that  of  the  empirical  tight-binding  method 
(Schulman  and  Chang,  1981b). 

Typical  types  of  superlattice  states  are  the  following.  The  simplest  of  the 
states  are  similar  in  form  to  Kronig-Penney  well  type  states.  These  are  states 
in  which  just  one  bulk  state  from  near  the  bulk  zone  center  dominates  in  each 
material.  Spatial  plots  of  these  states  have  distinctive  single  or  multiple  peaked 
structures  which  are  basically  discrete  lattice  versions  of  sine  waves.  Other 
superlattiee  states  have  more  than  one  bulk  state  contributing  significantly.  Their 
spatial  plots  are  correspondingly  more  complicated.  Bulk  states  with  non-zero 


real  and  imaginary  parts  play  an  important  role  in  many  superlattice  states.  Even 
when  they  decay  rapidly  away  from  the  interface  (large  Im(ks))  they  can  represent 
a  significant  contribution  close  to  the  interface  itself  and,  therefore,  are  important 
in  determining  the  matching  of  bulk  states  across  the  interface.  This  implies  that 
models  that  omit  these  states,  such  as  the  Kronig-Penney  and  two-band  models, 
may  not  describe  the  boundary  conditions  at  the  interface  realistically. 

The  complex  wave  vectors  of  the  bulk  states  which  make  up  the  superlattice 
state  are  shown  in  Fig.  9.  The  complex  band  structures  of  GaAs  and  AlAs  are 
displayed  in  the  same  manner  as  in  Fig.  4.  The  spin-orbit  interaction  is  included 
here.  The  complex  wave  vectors  for  a  superlattice  state  with  a  given  energy  can 
be  seen  by  finding  the  bulk  complex  states  with  the  same  energy.  For  example, 
the  state  in  Table  4  with  energy  —0.06  eV  is  composed  of  bulk  complex  states 
at  that  energy  in  Fig.  9.  It  shows  that  there  are  four  distinct  bands  at  energy 
—0.06  eV  in  GaAs  and  four  in  AlAs.  There  are  actually  a  total  of  twenty  bands 
for  each  material,  but  they  are  related  to  the  four  shown  by  negating  or  complex 
conjugating  the  wave  vector,  or  by  other  symmetries  peculiar  to  the  (100)  direction 
in  sincblende  materials  (Chang,  1982).  Two  of  the  four  GaAs  wave  vectors  are 
purely  real  -  those  in  the  light  and  heavy  hole  bands.  The  spin-orbit  split-off 
band  wave  vector  is  purely  imaginary,  and  the  state  emanating  down  from  the 
conduction  band  minimum  near  the  X  point  is  complex.  The  light  and  heavy 
hole  AlAs  wave  vectors  are  purely  imaginary. 

Table  4  lists  all  of  the  superlattice  state  energies  at  the  sone  center  between 
—0.41  eV  and  1.S6  eV  (the  energy  sero  is  the  bulk  GaAs  valence  band  maximum). 


Also  indicated  are  the  bulk  GaAs  and  AlAs  states  which  give  the  dominant 
contribution  to  each  superlattice  state.  They  are  labelled  by  the  bulk  complex 
bands  to  which  they  belong:  conduction,  heavy  hole,  light  hole,  or  spin-orbit  split- 
off  bands.  There  is  some  ambiguity  in  assigning  these  labels  to  the  complex  bands, 
because  there  are  no  band  gaps  in  complex  wave  vector  space.  For  example,  a 
band  originating  from  the  conduction  band  minimum  connects  with  the  light  hole 
band  maximum.  Points  on  this  curve  with  energies  closer  to  the  conduction  band 
minimum  are  labelled  as  being  conduction  band  states  in  Table  4. 

An  example  of  a  superlattice  state  in  which  one  bulk  state  is  dominant  is 
the  state  with  energy  —0.06  eV.  Bulk  GaAs  and  AlAs  light  hole  states  contribute 
substantially  more  than  the  others  in  this  case.  A  spatial  plot  of  the  wave  function 
shows  that  the  state  resembles  closely  *  bottommost  light  hole  quantum  well  state. 
The  same  state  plotted  with  the  coefficients  of  the  bulk  GaAs  states  other  than 
the  light  hole  state  set  equal  to  sero  is  only  slightly  different.  This  demonstrates 
that  the  one  band  quantum  well  model  would  be  a  reasonable  approximation 
in  describing  the  state.  Similarly,  the  state  with  energy  —0.02  eV  is  found  to 
be  the  bottommost  heavy  hole  quantum  well  state.  The  states  with  energies 
between  —0.02  and  —0.22  eV  all  resemble  heavy  or  light  hole  quantum  well 
states,  including  excited  states. 

The  next  state,  with  energy  —0.27  eV,  is  low  enough  in  energy  so  that 
it  is  below  the  AlAs  valence  band  edge.  It  has  a  dominant  heavy  hole  band 
contribution  in  the  AlAs  layers  with  a  purely  real  AlAs  wave  vector.  The  ware 
function  thus  has  a  substantial  amplitude  in  the  AlAs  as  well  as  the  GaAs  layers. 


This  is  true  of  all  the  states  with  energies  between  —0.27  eV  and  —0.30  eV.  In 
addition,  the  states  with  energies  of  —0.29  eV,  —0.35  eV,  and  —0.39  eV  have 
more  than  one  bulk  state  with  substantial  coefficients,  as  indicated.  The  state 
with  energy  —0.40  eV,  as  shown  in  Fig.  10  is  interesting  because  it  corresponds 
to  the  ground  state  spin-orbit  split-off  band  quantum  well  state,  although  this 
is  not  obvious  from  examining  its  spatial  plot.  Only  when  the  coefficients  of 
the  bulk  states  other  than  for  the  split-off  state  are  set  equal  to  sero  does  the 
characteristic  well  state  appear.  Thus,  the  one  band,  quantum  well  model  would 
not  be  expected  to  describe  this  state  accurately.  The  state  with  energy  —0.41 
eV  is  an  excited  light  hole  band  well  state. 


y.  PHONONS 

Lattice  vibrations  in  superlattices  exhibit  many  of  the  same  phenomena 
associated  with  the  new  superlattice  periodicity  as  electrons  do.  The  additional 
periodicity  shows  up  as  a  folding  of  the  phonon  dispersion  curves  onto  a  Brillouin 
zone  decreased  in  size  along  the  superlattice  repeat  direction.  This  folding  process 
results  in  additional  modes  at  the  zone  center. 

This  phenomenon  has  been  explored  theoretically  by  Tsu  and  Jha  (1972), 
Barker  aft  aL  (1978),  and  in  a  continuum  model  for  the  acoustic  modes  by  Cohrard 
et  aL  (1980).  The  effects  of  phonon  folding  can  be  illustrated  by  considering  the 
results  of  Barker  at  aL(1978).  They  considered  a  one-dimensional  model  of  a 


(100)  GaAs- AlAs  superlattice  as  illustrated  in  Fig.  11. 

The  force  constants  for  AlAs  and  GaAs  were  taken  to  be  the  same,  only  the 
masses  were  assumed  to  be  different  The  force  constants  were  chosen  to  give  a 
“good"  fit  to  the  phonon  dispersion  curves  of  GaAs.  The  resulting  phonon  disper¬ 
sion  curves  for  the  monolayer  and  bilayer  GaAs- AlAs  superlattice  are  presented 
in  Fig.  12.  The  additional  dispersion  curves-  those  over  the  four  expected  for 
bulk  GaAs  or  AlAs-are  due  to  the  phonon  folding.  Of  course,  some  small  shifts 
in  the  frequencies  also  occur. 

An  important  quantity  determining  infrared  optical  spectra  is  the  infrared 
absorption  strength  5.  It  is  given  by 

s.lfszkln, 

r  J  u 

where  is  the  imaginary  part  of  the  dielectric  constant,  and  the  integral  is 
taken  over  the  absorption  from  a  given  transition.  Using  their  one-dimensional 
model  for  the  lattice  vibrations  and  an  appropriate  value  of  the  effective  charge, 
Barker  et  aL(1978)  calculated  5  for  all  the  q  »  0  phonon  modes.  The  results  of 
this  calculation  are  given  in  Table  5.  Some  important  points  should  be  noted  from 
the  results  in  this  table.  First,  the  intensities  of  the  modes  which  are  analogous 
to  the  bulk  modes  are  rather  large.  Second,  modes  which  are  produced  by  the 
folding  are  very  weak,  where  they  are  allowed. 

Further,  these  authors  estimated  the  relative  Raman  intensities  for  modes 
which  can  produce  Mattering  with  the  incident  light  incoming  along  the  (100) 
direction,  the  i-direction,  and  polarised  along  the  x-direction.  The  detected 
photons  are  outgoing  in  the  s-direetion  with  polarisation  in  either  the  x  (/?**)  or 


y  direction  The  results  of  these  ere  presented  in  Table  €.  In  contrast  to 

the  case  of  the  infrared  absorption  some  of  the  additional  modes  are  predicted  to 
be  rather  strongly  Raman  active.  This  difference  is  due  simply  to  the  rather  large 
difference  in  the  bond  polarizabilities  for  AlAs  and  GaAs  which  appear  in  the 
Ranum  scattering  intensities  in  contrast  to  the  rather  small  difference  between 
the  effective  charges  in  GaAs  and  AlAs. 

As  noted  by  Merlin  at  aL  (1980),  the  simple  theory  of  Barker  et  aL(1978) 
did  not  take  into  account  the  long  range  forces  acting  on  the  superlattice  polar 
phonons.  They  note  that  one  should  observe  additional  phonon  modes  which 
result  not  just  from  the  decrease  in  zone  size,  but  also  from  the  differences  in 
the  polar  phonons  propagating  normal  and  parallel  to  the  superlattice  layers. 
They  examined  the  problem  using  a  simple  theory  for  the  dielectric  function  of 
a  layered  medium  (Rytov,  1956a).  If  t\  and  <2  are  the  dielectric  constants  for 
layers  with  thickness  d\  and  <hi,  respectively,  then 

diei-f-<ke2 

,J-  ’  ~W+W  (5) 
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For  superlattices  with  the  symmetry  Du,  there  are  two  modes:  a  singly  degenerate 

1?2  mode  and  a  doubly  degenerate  E  mode.  The  LO  and  TO  phonons  of  both  £2 
and  E  types  are  given  by  the  zeros  and  poles  of  the  appropriate  dielectric  func¬ 
tions:  Bj(LO)  is  the  zero  of  e j_ ;  ifetTO)  is  the  pole  of  eg;  E( LO)  is  the  zero  of 
cj_,  and  £(TO)  is  the  pole  of  eg.  This  long  range  effect  alone  can  produce 
two  phonons  of  each  type,  whereas  in  the  ease  of  the  bulk  m-V  semiconduc¬ 
tor,  we  would  find  only  one  mode  of  each  type.  The  physics  associated  with 


these  additional  modes  is  different  from  that  producing  the  dispersion  curve 
folding.  The  first  is  due  to  the  dielectric  anisotropy,  while  the  second  is  due 
to  the  changes  in  the  local  periodicity. 

A  model  similar  to  the  Kronig-Penney  model  has  been  applied  to  the  long 
wavelength  acoustic  phonon  modes  (Colvard  et  aL,  1980).  In  this  calculation  one 
considers  a  layered  elastic  medium  characterized  by  densities  and  sound  velocities 
appropriate  to  the  direction  under  consideration.  Using  the  results  from  Rytov 
(1956b),  they  find  that  the  dispersion  curve,  12  vs  q,  for  LA  phonons  in  the  (100) 
direction  is  given  by 


.  j.  ndi  fida  *  ~r  ">  .  *«*i  .  **»2 
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where  k  (Cipi)/{C2p2),  with  C\  and  C2,  and  p\  and  pj  being  the  sound 
velocities  and  densities  appropriate  for  the  two  layers,  respectively.  The  widths 
of  the  individual  layers  are  i\  and  <{3,  and  i  is  the  total  thickness.  This  formula 
for  the  dispersion  curve  results  in  a  number  of  branches.  They  correspond  to  the 
LA  acoustic  branch  of  the  bulk  material  folded  into  the  smaller  Brillouin  zone  of 
the  superlattice. 

Recently  Ren  and  Dow(1982)  have  treated  the  effect  of  the  dispersion  curve 
folding  on  umklapp  processes  that  influence  thermal  conductivity.  They  find 
that  the  additional  umklapp  scattering  processes  can  produce  rather  substantial 
decreases  in  the  thermal  conductivity. 

While  most  of  the  fundamental  physics  has  been  mapped  out  in  these  simple 
model  calculations,  detailed  calculations  of  comparable  sophistication  to  the  tight- 
binding  and  pseudopotential  calculations  for  the  electronic  spectra  have  not  been 
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carried  out.  These  eould  provide  the  kind  of  detailed  insight  provided  by  similar 
calculations  of  the  electronic  spectra. 

VL  OTHER  PROPERTIES 

The  elementary  excitations  discussed  above  result  in  a  number  of  observable 
properties  of  semiconductor  superlattices.  In  this  section,  we  address  some  of  the 
properties  that  have  not  been  discussed  earlier. 

Many  of  the  useful  properties  of  semiconductors  are  due  to  the  properties 
of  impurities  in  the  semiconductors.  In  superlattices  the  properties  of  the  stan¬ 
dard  shallow  dopants  as  well  as  deep  levels  are  modified  substantially  from  their 
properties  in  the  corresponding  bulk  materials.  Bastard  (1982a),  and  Mailhiot 
and  coworkers  (1982a,b)  hare  considered  the  case  of  a  Coulombk  center  in  a 
quantum  well.  Bastard  assumed  that  the  carrier  was  confined  in  an  infinite  well. 
He  finds  substantial  modifications  in  the  binding  energy  in  that  the  binding  is 
found  to  increase  as  the  well  thickness  is  decreased.  Mailhiot  et  aL  (1982a,b) 
have  treated  the  case  of  a  donor  in  a  GaAs  layer  sandwiched  between  two  layers  of 
Ga(i-x)AJxAi .  The  properties  of  the  Ga(i-x)AlxAs  layers  are  included  explicitly 
fay  taking  account  the  finite  band  oftet  and  the  differences  in  effective  masses  and 
dielectric  constants.  The  results  of  their  calculation  for  an  impurity  at  the  center 
of  the  GaAs  well  are  given  in  Fig.  13.  They  find  that,  while  the  binding  energy 
at  first  increases  due  to  the  confinement  of  the  donor  wave  function  in  the  layer, 
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for  thin  layers  the  properties  of  the  Ga(i-x)AlxAs  layers  dominate  leading  to 
hinding  energies  that  are  the  same  as  those  for  the  Ga(i-x)AlxAs  alloy.  Both 
Bastard,  and  Mailhiot  and  eo-workers  studied  the  variation  of  the  binding  energy 
due  to  position  in  the  layer.  Both  And  that  there  is  substantial  variations  in  the 
hinding  energy  due  to  moving  the  impurity  about  in  the  well. 

The  current  theories  make  use  of  the  effective  mass  approximation  which 
is  valid  for  the  ease  of  donors  in  GaAs-Ga(i-x)AlxAs  as  long  as  x  is  such 
that  the  Ga(i-x)AlxAs  is  direet(Ando,  1082).  However,  for  acceptors  or  donors 
in  other  systems,  it  will  be  necessary  to  include  explicitly  the  bandstrueture 
of  the  quantum  well  structure  instead  of  simply  applying  the  effective  mass 
approximation. 

Excitons  in  super  lattices  can  be  quite  different  from  those  in  normal  bulk 
semiconductors.  For  the  ease  of  GaAs-Ga(l-x)AlxAs  where  the  electron  near 
the  conduction  band  edge  and  hole  near  the  valence  band  edge  are  confined  in  the 
same  layers,  the  behavior  of  the  binding  energy  is  very  similar  to  that  found  in 
the  case  of  impurities.  In  the  limit  of  very  thin  layers  and  total  confinement  the 
binding  energy  should  approach  that  of  a  two-dimensional  exciton  which  binds 
four  times  as  strongly  as  a  three  dimensional  exciton  (Bassani  and  Parr&vicini, 
1975).  Calculations  on  the  the  infinite  well  model  by  Bastard  ft  aL(1982a)  give 
the  expected  results.  In  superlattices,  other  cases  are  also  possible.  For  example 
in  the  ease  of  InAs-GaSb  (Bastard  ft  aL,  1982),  the  electron  and  hole  are  in 
different  layers  and  the  binding  energy  of  the  exciton  is  reduced  over  the  three 
dimensional  value. 


One  theoretical  study  suggests  that  nonlinear  optical  properties  of  super¬ 
lattices  could  be  quite  large  (Tsu,  1071).  The  additional  dispersion  due  to  the 
shortened  Brillouin  zone  can  produce  a  substantial  nonlinear  optical  response. 
While  this  phenomenon  has  been  studied  theoretically  it  has  not  been  explored 
in  detail.  In  particular  the  role  of  scattering  which  will  tend  to  suppress  this 
phenomenon  has  not  been  included. 

Much  of  the  transport  theory  for  heterostructures  has  dealt  with  the  transport 
along  the  interface  between  the  GaAs  and  Ga(i-x)AlxAs  and  hence  do  no  involve 
true  superlattice  effects.  The  original  suggestion  by  Esaki  and  Tsu(1970)  of  negar 
tire  resistance  for  currents  perpendicular  to  the  superlattice  layers  due  to  the  cur¬ 
vature  in  the  mini-bands  has  not  been  explored  extensively.  The  mean  free 
path  of  the  carriers  are  sufficiently  small  that  they  reduce  this  effect  substantially. 

Ktitorov  and  coworkers(1071)  hare  suggested  that  one  might  observe  Stark 
ladders(Wannierf  1060)  in  superlattices.  However,  the  scattering  of  the  carriers 
and  the  large  inter-subband  matrix  elements  due  to  the  applied  electric  field  are 
likey  to  make  it  difficult  to  observe  such  a  phenomenon. 

Chin  and  coworlcers(108O)  have  proposed  that  a  superlattice  structure  would 
have  widely  different  electron  and  hole  impact  inonisation  rates.  This  proposal  has 
led  to  other  suggestions  for  ways  to  control  the  impact  ionisation  phenomenon(Blauvelt, 
•t  aL,  1081;  Tanoue  and  Sakai,  1082). 

The  collective  excitations  of  the  earners  in  semieonducors  superlattices  have 
been  explored  by  Das  Sanna  and  Madhukar(1081)  and  Das  Sanna  and  Quinn(1082). 

Das  Sanna  and  Quinn  have  explored  the  optical  plasmons,  acoustic  plasmons, 


magnetoplasmons,  helicon,  and  Alfvln  waves  as  the  superlattice  parameters  are 
changed  in  such  a  way  as  to  go  from  the  two-dimensional  to  the  three-dimensional 
limit. 


VJL  CONCLUSIONS 


Techniques  have  been  developed  for  treating  the  electronic  spectra  of  ideal 
superlattices  using  both  first  principles  and  empirical  techniques.  The  empirical 
techniques  (two-band  model,  tight-binding  model)  are  very  successful  in  treating 
the  properties  of  superlattices  since  they  allow  the  extrapolation  of  our  knowledge 
of  the  band  structure  of  the  bulk  semiconductor  to  the  properties  of  superlattices. 
Calculations  based  on  these  techniques  have  provided  results  for  the  electronic 
band  structure  of  abrupt  superlattices.  Perhaps  more  importantly  these  tech¬ 
niques  provide  a  method  for  treating  some  of  the  questions  about  transport,  im¬ 
purity  states,  exeitonic  states,  deviations  from. an  ideal  abrupt  interface  (L  e., 
grading),  alloys,  etc.  Self-consistent  calculations  allow  the  examination  of  the 
charge  densities  at  the  interface  and  hence  give  some  information  about  the  in¬ 
terface  region. 

The  lattice  vibrations  of  superlattices  have  not  been  treated  in  as  much  detail 
as  the  electronic  properties.  The  techniques  for  treating  these  problems  at  the 
same  level  as  the  electronic  properties  are  available  but  have  not  been  applied. 

The  properties  that  are  of  real  interest  are  those  that  can  lead  to  novel 
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applications.  A  partial  list  of  these  novel  applications  would  include  linear  and 
nonlinear  optical  properties,  and  transport  properties.  As  discussed  in  this  chap¬ 
ter  some  of  the  interesting  transport  properties  include  widely  different  impact 
ionization  rates  and  negative  resistance  phenomena.  Here  a  great  deal  remains  to 
be  done.  The  theorist  can  hope  to  make  precise  calculations  based  on  experience 
with  bulk  semiconductors.  Theoretical  investigations  of  these  properties  should 
indicate  which  superlattice  systems  should  be  studied. 

In  this  chapter,  we  have  not  addressed  the  very  important  question  presented 
by  realistic  interfaces  and  their  preparation.  These  include:  the  character  and 
stability  of  the  interface  in  the  superlattiee  and  the  mechanisms  of  growth.  For 
these  problems,  theoretical  work  is  difficult  but  essential  in  guiding  the  experimen¬ 
tal  studies  in  the  field. 
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TABLE  1.  GaAs-AJAs  heterojunction  band  offsets  expressed  as  AEv/AEt  where 
AEV  is  the  GaAs  valence  maximum  energy  minus  the  AlAs  valence  band  maxi¬ 
mum  enegy  and  AE9  is  the  AlAs  direct  band  gap  minus  the  GaAs  direct  band 
gap.  Specific  orientations  are  indicated. 


Source  AEv/AEt 

Frensley  (1977)  0.56 

Pickett  (1978)  (110)  0.17 

Harrison  (1980)  0.03 

Dingle  (1975)  (100)  0.15 


TAWT.F.  3.  lnA>-GaSb  heterojunction  band  offsets  expressed  as  E0,  the  GaSb 
valence  band  marimum  energy  minus  the  InAs  conduction  band  minimum  energy. 
Specific  orientations  are  indicated. 


Source 

E» 

Frensley  (1977) 

—0.14 

Ihm  (1979)  (100) 

—0.21 

Harrison  (1980) 

0.10 

Madhukar  (1979)  (100) 

0.06 

Sai-Halasx  (1978a)  (100) 

0.15 

Sat-Halass  (1977) 

0.14 

TABLE  3.  Ge-GaAs  heterojunction  band  offsets.  A is  the  Ge  valence  band 
maximum  minus  the  GsAs  valence  band  m&Timnm  energy.  AEC  is  the  GaAs 
conduction  band  minimum  minus  the  Ge  conduction  band  minimum  energy. 
Specific  orientations  are  indicated.  Values  in  parentheses  assume  AE„  -j-  AEC  ■* 
.75  eV. 


Source 

A Ev 

AEe 

FVensley  (1977) 

0.71 

0.07 

Pickett  (1978)  (110) 

0.35 

0.40 

Harrison  (1980) 

0.41 

0.35 

Banff  (1977)  (100) 

(0.75) 

0 

Kune  (1980)  (100) 

— 0.03 

0.78 

Perfetti  (1978)  (100) 

0.25 

0.50 

Kraut  (1980)  (110) 

0.53 

(0.22) 

Monch  (1980)  (110) 

(0.36) 

0.39 

Bauer  (1981)  (110) 

0.4 

(0.35) 

Shay  (1976) 

0.69 

0.06 

TABLE  4.  GaA*-AlAs  (100)  super  lattice  states  at  the  Brillouin  zone  center  for 
50A  of  GaAs  alternating  with  50A  of  AlAs  between  —0.42  eV  and  1.56  eV.  The 
complex  ware  rectors  of  the  dominant  bulk  states  are  given  in  units  of  a-1  , 
where  a  is  the  conventional  lattice  spacing.  The  GaAs  valence  band  maximum  is 
the  zero  of  energy.  The  symbols  c,  hh,  lh,  and  so  stand  for  the  bulk  conduction, 
heavy  bole,  light  hole,  and  split-off  valence  bands. 


Energy 

GaAs 

AlAs 

1.56  eV 

c-(0.20,0) 

c-(0,0.93) 

—0.02 

hb>(0.28,0) 

hh-(0,1.12) 

—0.06 

ih-(aio,o) 

lh-(0,0.44) 

—0.08 

hh-(0.57,0) 

hb-(0,0.06) 

—0.17 

hh-{0.82,0) 

hh-(0,0.64) 

—0.22 

lh-(0.48,0) 

1M0,0.15) 

—0.27 

hh-(1.05,0) 

hh-(0.45,0) 

—0.20 

so-(0,.28)4h-(0.64,0) 

hh-(0.87,0),so-(0,0.79) 

—0.35 

hh-(  1.22  ),lh-(0. 79,0) 

hh-(0.87,0),so-(0,0.79) 

— 0.38 

hh-(1.28,0) 

hh-(  1.00,0) 

— 0.39 

hb-(  1. 29,0),lh-(0.88,0) 

lb-(0.51,0) 

— 0.40 

so-(0.24,0) 

so-(0,0.63) 

—0.41 

lh-{0.94,0) 

so-(0,0.57) 

TABLE  S.  The  transverse  phonon  frequencies  Vj  and  infrared  strengths  Sj  for 
modes  in  the  model  bulk  GaAs  and  AlAs;  the  one-on-one  superlattice;  and  the 
two-on-two  superlattice.  The  results  are  from  Barker  et  aL(1978). 


GaAs 

AlAs 

Sj 

^•(cm“l) 

269.0 

1.93 

363.0 

2.0 

Monolayer  (1,1) 

Bilayer  (2,2) 

85.2 

0.0087 

57.5 

0.0 

262.8 

0.82 

59.0 

0.0039 

357.8 

1.13 

86.2 

0.0 

260.4 

0.0 

266.2 

0.90 

354.6 

0.0 

360.5 

1.06 

TABLE  6.  The  longitudinal  phonon  frequencies  Vj  and  Raman  strengths  for  bulk 
GaAs  and  AlAs;  the  one-on-one  superlattice;  and  the  two-on-two  superlattice. 
The  results  are  from  Barker  et  aL(1978). 


GaAs 

AlAs 

RXy 

R?x 

RXy 

289.0 

0.0 

6.7 

391.4 

0.0 

0.72 

Monolayer  (1,1) 

Bilagrer  (2,2) 

201.4 

32.7 

0.0 

118.4 

24.5 

0.0 

241.3 

0.0 

2.41 

120.8 

0.0 

0.11 

372.1 

0.0 

1.18 

201.4 

0.0 

0.0 

236.4 

3.02 

0.0 

277.3 

0.0 

2.86 

356.1 

1.03 

0.0 

381.8 

0.0 

0.68 

FIGURE  CAPTIONS 


FIGURE  1.  GaAs-AlAs  superlattice  bands  in  the  |100]  direction  for  GaAs  slab 
thicknesses  of  57,  85,  and  114A.  Solid  lines:  llA  AlAs  slab  thickness. 
Dash-dotted  lines:  85A  AlAs  slab  thickness.  Dotted  lines:  folded 
bulk  GaAs  band  structure. 

FIGURE  2.  Line-up  of  the  GaAs  and  AlAs  conduction  and  valence  band  edges 
in  the  GaAs- AlAs  superlattice.  A Ev  and  A Ee  are  the  valence  and 
conduction  band  edge  discontinuities. 

FIGURE  3.  Line-up  of  the  InAs  and  GaSb  conduction  and  valence  band  edges 
in  the  InAs-GaSb  superlattice.  E,  is  the  energy  separation  between 
the  GaSb  valence  band  maximum  and  the  InAs  conduction  band 

minimum . 

FIGURE  4.  Complex  band  structure  of  GaAs  and  AlAs  near  sone  center  along 
(100]  direction.  Re(kM)  is  (dotted  to  the  right  of  each  figure,  Im(kM) 
is  to  the  left.  Solid  lines:  tight-binding  model.  Dashed  lines:  two- 
band  model.  Dash-dotted  lines:  Kronig-Penney  model  The  GaAs 
conduction  band  minimum  is  the  energy  sero.  The  AlAs  valence  band 
maximum  is  dose  to  — 1.7  eV.  From  Schulman  and  Chang  (1981a). 

FIGURE  5.  Superlattice  conduction  band  minimum  dispersion  curves  in  the  z 
direction  for  superlattices  with  two  layers  of  AlAs  alternating  with 
N  layers  of  GaAs,  for  N  —  3, 4, 5, 8, 10, 15, 20  as  indicated.  Solid 
curve:  tight- binding  modeL  Dashed  curve:  Kronig-Penney  model. 
Dash-dotted  curve:  two-band  model  Energy  is  relative  to  the  GaAs 
conduction  band  minimum.  L  is  the  total  number  of  alternating 
GaAs  and  AlAs  layers.  F>om  Schulman  and  Chang  (1981a). 

FIGURE  6.  Upper  part:  E  ruk9  relationships  for  three  In(i-x)GaxAs  -GaSb(i_y  )Asy 

superlattices  consisting  of  four  layers  each  of  In(i-x)GaxAs  and  GaSb(i-y)Asy 
together  with  their  potential  profiles.  The  x  and  y  values  are  given 
in  the  text.  —  x/rfo  where  do  i»  the  bulk  lattice  constant. 

Solid  curves:  two-band  model.  Dashed  curve:  Kronig-Penney  model. 

Lower  part:  energy  gaps  vs.  layer  thickness.  From  Sai-Halasz  et  al 
(1977). 

FIGURE  7.  Empirical  and  self-consistent  potentials,  averaged  parallel  to  the  in¬ 
terface,  for  the  (110)  interfaces  of  (a)  Ge-GaAs  and  (b)  AJLAs-GaAs. 

The  large  arrow  denotes  the  geometric  interface,  while  the  smaller 
arrows  show  the  positions  of  atomic  planes.  From  Pickett  et  al 
(1978). 


FIGURE  8.  Proposed  line-up  of  the  CdTe-HgTe  conduction  and  valence  band 
edges  in  the  CdTe-HgTe  superlattice.  HgTe  is  a  zero  band  gap 
semiconductor. 

FIGURE  B.  Complex  band  structures  of  GaAs  and  AlAs  along  the  [100]  direc¬ 
tion.  Both  the  real  bands  (Im(kx)  =  0)  and  the  purely  imaginary 
bands  (Re(kx)  *  0)  are  denoted  by  solid  lines.  The  complex  bands 
(Re(kt)f£ 0  and  Im(kx)^ 0)  are  denoted  by  pairs  of  dashed  lines. 
The  lines  associated  with  Re(kx)  and  Im(kz)  are  plotted  in  the  right 
and  left  portions  of  each  figure,  respectively.  Energy  is  relative  to 
the  GaAs  valence  band  maximum. 

FIGURE  10.  Zone  center  electronic  state  with  energy  —0.40  eV  relative  to  the 
GaAs  conduction  band  minimum  in  a  GaAs-AlAs  superlattice  with 
50A  GaAs  and  AlAs  layer  thicknesses.  Filled  circles:  anion.  Open 
circles:  cation.  Solid  line:  total  state.  Dashed  line:  light  hole  bulk 
state  contribution  only.  The  left  half  is  in  the  GaAs  layers  and  the 
right  half  is  in  the  AlAs  layers.  From  Schulman  and  Chang  (1981b). 

FIGURE  11.  The  linear  chain  model  for  the  GaAs-AlAs  superlattice.  The  springs 
and  appropriate  spring  constants  are  indicated.  The  values  of  these 
parameters  are  given  in  Barker  aL(1978). 

FIGURE  12.  The  phonon  dispersion  curves  for  the  one-on-one  and  two-on-two 
GaAs-AlAs  superlattices  obtained  in  the  linear  chain  approximation 
(alter  Barker  «t  aL  1978). 

FIGURE  13.  The  binding  energy  of  a  donor  in  the  center  of  a  GaAs  well  sur¬ 
rounded  by  two  layers  of  Ga(i-x)AlxAs  .  The  ordinate  is  the  num¬ 
ber  of  GaAs  layers.  The  alloy  concentration  x  is  varied  from  0.1  to 
0.4(from  Mailhiot  et  aL  (1982b)) 
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Advantages  of  the  HgTe-CdTe  superlattice  as  an  infrared  detectoi 

0.  L  Smith 

Honeywell  Systems  and  Research  Center,  Minneapolis,  Minnesota  55440 

T.C.  McGHJ 

T.  J.  Watson,  Sr.  Laboratory  of  Applied  Physics,  California  Institute  of  Technology,  Pasadena,  California 
91125 

J.  N.  Schulman 

Department  of  Physics  and  Astronomy,  University  of  Hawaii  Honolulu,  Hawaii  96822 

(Received  1 1  February  1983;  accepted  for  publication  29  April  1983) 

The  HgTe-CdTe  superlattice  is  found  to  exhibit  properties  superior  to  those  of  the  (Hg,  Cd)Te 
alloy  m  an  infrared  detector  material.  A  calculation  show*  that  the  superiatticc  tunneling  length  is 
shorter  than  that  of  the  alloy  with  the  same  band  gap.  For  a  given  cutoff  wavelength  tolerance,  we 
find  that  less  fractional  precision  is  needed  in  the  superlattice  control  parameter  (layer 
thicknesses)  than  in  the  alloy  control  parameter  (composition).  Also,p-side  diffusion  currents  are 
expected  to  be  reduced  due  to  the  larger  superlattice  electron  effective  mass. 

PACS  numbers:  85.60.Gz,  73.40.Lq,  73.40.Gk,  78.20.  -  e 


There  is  at  present  a  major  effort  to  construct  arrays  of 
photovoltaic  detectors  for  the  purpose  of  infrared  imaging. 1 
The  (Hg,Cd)Te  alloy  is  the  material  most  often  used  to  fabri¬ 
cate  such  detector  arrays.  Large  tunneling  currents  and  the 
extremely  precise  composition  control  required  to  accurate¬ 
ly  determine  the  band  gap  (or  equivalently  the  cutoff  wave¬ 
length  Ae)  are  two  major  difficulties  in  making  the  detec¬ 
tors.1  These  problems  are  especially  severe  for  long 
wavelength  (A,  2 10  pm)  detectors.  Here,  we  show  that  the 
HgTe-CdTe  superlattice  potentially  offers  inherent  advan¬ 
tages  compared  with  the  (Hg,Cd)Te  alloy  as  an  infrared  de¬ 
tector  materal  in  that  (1)  tunneling  currents  in  the  superlat¬ 
tice  are  found  to  be  much  less  than  in  the  alloy  of  the  same 
band  gap,  (2)  the  fractional  uncertainty  in  the  band-gap  con¬ 
trol  parameter  (layer  thickness  for  the  superlattice,  composi¬ 
tion  for  the  alloy)  permissible  in  the  superlattice  is  greater 
than  that  permissible  in  the  alloy  for  fixed  band-gap  toler¬ 
ance  requirements,  and  (3)  p-side  diffusion  currents  in  the 
superlattice  are  expected  to  be  less  than  in  the  alloy  of  the 
same  band  gap.  These  potential  advantages  of  the  superlat¬ 
tice  are  greatest  for  the  smaller  band-gap  materials. 

The  HgTe-CdTe  superlattice  was  originally  proposed 
as  an  IR  material  in  Ref.  2.  In  that  work,  it  was  shown  that 
the  band  gap  of  the  superlattice  could  be  controlled  by  select¬ 
ing  the  superlattice  layer  thicknesses  and  that  most  of  the 
useful  regions  of  the  IR  spectrum  could  be  sampled.  It  was 
predicted,  however,  that  very  thin  layer  superlattices  were 
required.  Very  recently,  the  HgTe-CdTe  superlattice  has 
been  fabricated.3-5  Although  relatively  thick  layer  struc¬ 
tures  were  grown,  this  work  is  extremely  encouraging  and 
suggests  that  the  difficult  problems  associated  with  growing 
this  superlattice  can  indeed  be  solved. 

The  calculations  are  performed  using  the  two-band  k-p 
approach  for  the  conduction  and  light  hole  band.6,7  The 
heavy  hole  band  dispersion  is  treated  by  including  a  momen¬ 
tum  matrix  element  with  the  rl}  conduction-band  states. 
The  result  of  this  formal  approach  is  an  analytical  expression 
for  the  superlattice  dispersion  relation  including  complex 
wave  vector  values.  The  band  gap  follows  by  finding  the 


energy  range  described  by  real  superlattice  wave  vectors. 
The  effective  masses  are  obtained  by  differentiation  and  the 
tunneling  lengths  by  finding  the  imaginary  superlattice  wave 
vector  in  the  band-gap  region.  The  tunneling  length  is  de¬ 
fined  as  the  reciprocal  of  the  maximum  magnitude  imagi¬ 
nary  wave  vector  of  the  dispersion  curve  connecting  the  con- 
duction-and  minimum  and  the^alence-band  maximum.  The 
alloy  is  also  described  using  the  two-band  k-p  approach  in  a 
virtual  crystal-type  approximation.  The  CdTe  and  HgTe 
r6  —  r,  splittings  are  taken  to  be  1.60  and  —  0.303  eV  and 
the  rlie  —  rt  splittings  as  6.01  and  5.58  eV,  respectively.* 
The  r6  to  light  hole  momentum  matrix  element  (>/2/3  the 
r,  —ris„  value)  is  taken  to  be  2.54.  -JeVm0  (Ref.  8)  and  the 
riJc  to  heavy  hole  momentum  matrix  element  as  2.30 
i JeVm0 .  This  value  gives  a  heavy  hole  effective  mass  of  0.55 
m0  (Ref.  9)  in  the  constituent  materials.  A  lattice  constant  of 
6.472  A  was  used.9,10  The  offset  between  the  CdTe  and  HgTe 
valence  bands  was  taken  to  be  zero.2'7 

In  Fig.  1  we  compare  calculated  cutoff  wavelengths  for 
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superlattices  with  equal  CdTe  and  HgTe  layer  thicknesses 
with  those  of  the  alloy.  Layer  thicknesses  of  the  superlattice 
(d )  and  composition  (x)  of  the  alloy  are  varied.  The  results  for 
the  alloy  are  taken  from  Ref.  1 1  for  77  *K.  Notice  that  a  large 
part  of  the  IR  spectrum  can  be  sampled  by  the  superlattice 
without  going  to  extremely  thin  layer  spacings.  Although 
qualitatively  similar  to  the  results  of  Ref.  2,  the  results 
shown  in  Fig.  1  differ  in  an  important  quantitative  way.  We 
predict  that  useful  regions  of  the  IR  spectrum  are  obtained 
with  much  thicker  layer  superlattices  (thus,  easier  to  fabri¬ 
cate)  than  was  predicted  in  Ref.  2.  For  example,  for  kc  =  12 
pm,  we  predict  a  73-A  layer  thickness  superlattice  is  re¬ 
quired  while  the  result  of  Ref.  2  would  be  20  A.  This  differ¬ 
ence  comes  about  because  the  tight  binding  parameters  used 
in  Ref.  2  gave  energy  bands  with  too  little  dispersion  or, 
equivalently,  too  large  effective  masses. 12  The  HgTe  conduc¬ 
tion-band  effective  mass  is  the  most  important  here.  The 
experimental  value  for  this  parameter  is  about  0.026mo  (Ref. 
8)  whereas  the  tight  binding  parameters  used  in  Ref.  2  gave  a 
value  of  about  0.27mo. 

An  important  point  implied  from  Fig.  1  concerns  the 
precision  with  which  the  control  parameter  must  be  deter¬ 
mined  to  fix/lr  with  a  given  tolerance.  Because  the  Ac  versus 
composition  curve  for  the  alloy  diverges  atx~0. 14  (Ref.  1 1) 
(where  the  band  gap  goes  to  zero),  extremely  precise  control 
of  the  composition  is  required  at  the  larger  values  of  Ae .  The 
Ac  vsd  curve  for  the  superlattice  does  not  diverge  for  finite  d 
(the  band  gap  asymptotically  goes  to  zero  as  d  approaches 
infinity)  and  less  precise  control  ofd  is  required  to  fix  ke.  For 
example,  if  Ae  must  be  12  ±  2  pm,  Ax/x  must  be  less  than 
about  one  part  in  20  whereas  Ad  /d  must  be  less  than  about 
one  part  in  seven.  This  advantage  of  the  superlattice  is  more 
significant  as  larger /ic  materials  are  considered. 

In  Fig.  2  we  compare  the  calculated  results  for  the  elec¬ 
tron  effective  mass  normal  to  the  plane  of  the  interface  in  the 
superlattice  as  a  function  of  Ac  (controlled  by  changing  d  )1J 
with  the  electron  effective  mass  of  the  alloy  as  a  function  of 
ke  (controlled  by  changing  x).  Note  the  scale  change  in  the 


FIO.  2.  Electron  effective  mats  u  e  function  of  cutoff  wavelength  for  the 
lHg,Cd)Te  alloy  (left  panel)  and  for  the  HgTe-CdTe  superlattice  (right  pan¬ 
el).  The  electron  effective  mat*  for  the  superlattice  is  anisotropic,  the  com¬ 
ponent  normal  to  the  layer  plane  is  shown. 


two  panels.  In  the  superlattic<  this  effective  mass  takes  on 
values  comparable  to  effective  masses  in  Si.  These  modest 
values  of  the  effective  mass  suggest  that  electron  transport 
normal  to  the  layer  plane  should  occur  fairly  easily.  How¬ 
ever,  the  superlattice  effective  masses  are  much  larger  than 
the  extremely  small  values  which  occur  in  the  alloys,  par¬ 
ticularly  in  the  large  Ae  regime.  The  larger  superlattice  effec¬ 
tive  mass  will  reduce  the  electron  diffusivity  of  the  superlat¬ 
tice  as  compared  with  the  alloy  with  the  same  Ac.  This  in 
turn  should  reduce  the  p-side  diffusion  currents  in  a  photo¬ 
voltaic  device  made  from  the  superlattice  (we  assume  that 
the  diode  structure  is  such  that  the  plane  of  the  p-n  junction 
is  parallel  to  the  plane  of  the  layers14).  Perhaps  more  impor¬ 
tantly  the  larger  effective  masses  strongly  suggest  signifi¬ 
cantly  reduced  band-to-band  tunneling  currents  across  the 
junction. 

The  superlattice  effective  masses  are  somewhat  sensi¬ 
tive  to  the  value  of  the  assumed  valence-band  offset  but  the 
value  of  this  parameter  is  not  well  known.  The  most  recent 
experimental  results  are  consistent  with  the  zero  offset  as¬ 
sumed  here,  but  are  not  definitive.13  If  the  offset  is  a  signifi¬ 
cant  fraction  of  the  CdTe  band  gap,  the  superlattice  perpen¬ 
dicular  effective  masses  will  be  larger  than  those  shown  in 
Fig.  2. 

To  examine  the  tunneling  question  in  more  detail  in 
Fig.  3  we  compare  the  tunneling  lengths  of  the  superlattice 
and  alloy  as  functions  of  Ae.  The  tunneling  length  of  the 
super  lattice  is  seen  to  be  significantly  shorter  than  that  of  the 
alloy.  This  difference  in  tunneling  lengths  is  more  significant 
for  larger  Ac .  For  example,  the  superlattice  tunneling  length 
in/1,.  =  12  pm  material  is  about  30  A  which  is  comparable  to 
the  alloy  tunneling  length  in  the/1,.  *  4.5 /im  alloy  material. 
The  tunneling  length  in  Ac  =  12  pm  alloy  material  is  about 
1 30  A,  over  two  and  a  half  times  that  in  the  superlattice  with 
this  cutoff  wavelength.  The  tunneling  length  gives  the  length 
scale  over  which  the  wave  function  decays  exponentially  into 
a  forbidden  energy  region  such  as  occurs  at  af-n  junction.  In 
calculations  of  tunneling  currents  the  tunneling  length  ap¬ 
pears  in  a  decaying  exponential. 16  Thus,  the  shorter  tunnel¬ 
ing  lengths  predicted  for  the  superlattice  as  compared  with 
the  alloy  with  the  same  ke  strongly  suggest  much  smaller 


FIO.  3.  Tunneling  length  u  *  function  of  cutoff  wavelength  for  the 
(Hg,Cd)Te  alloy  (left  panel)  and  for  the  HgTe-CdTe  superlattice  (right  pan- 
ell. 
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tunneling  currents  in  device  structures  made  from  the  super- 
lattice  than  in  corresponding  structures  formed  from  the  al¬ 
loy. 

Summarizing,  we  have  found  that  (1)  HgTe-CdTe  su¬ 
perlattice  can  sample  useful  ranges  of  the  IR  spectrum  with¬ 
out  "«ng  extremely  thin  layer  thicknesses,  (2)  the  fractional 
precision  with  which  the  superlattice  Xe  control  parameter 
need  be  determined  is  less  than  that  for  the  alloy  (given  the 
amt  tolerance  requirements  for  Xe ),  (3)  the  superlattice  per¬ 
pendicular  electron  effective  masses  are  significantly  larger 
th«n  the  extremely  small  values  for  the  electron  effective 
masses  in  the  small  band-gap  alloys,  suggesting  reduced  p- 
side  diffusion  currents,  and  (4)  the  superlattice  tunneling 
length  is  much  reduced  as  compared  with  that  of  the  alloy 
with  the  same  Xc,  implying  greatly  reduced  tunneling  cur¬ 
rents.  These  results  suggest  that  the  HgTe-CdTe  superlattice 
may  be  superior  to  the  alloy  as  an  IR  detector  material,  espe¬ 
cially  at  the  longer  IR  wavelengths. 

In  this  letter  we  have  specifically  contrasted  the  HgTe- 
CdTe  superlattice  with  the  (Hg,Cd)Te  alloy.  However,  many 
of  our  conclusions  are  more  general  than  just  for  this  parti¬ 
cular  system.  Very  small  electron  effective  masses  and  long 
tunneling  lengths  are  a  general  property  of  small  band-gap 
■nnr  blende  crystal  structure  semiconductors.  Large  tunnel¬ 
ing  and  p-side  diffusion  currents  are  an  almost  inevitable 
consequence  in  devices  made  from  these  materials.  Small 
band-gap  superlattices  (of  which  HgTe-CdTe  is  only  one 
possibility)  will  have  significantly  larger  electron  effective 
matw  normal  to  the  interface  planes  and  signficantly 
shorter  tunneling  lengths.  Thus,  the  small  band-gap  super¬ 


lattices  offer  an  attractive  alternative  to  small  band-gap  zinc 
blende  materials  in  devices,  such  as  IR  detectors  and 
sources,  which  require  small  band-gap  materials. 
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R<snm{-  Nous  presentons  une  6tude  th^orique  se  rapportant  aux  proprietes  electroniques 
des  super-reseaux  HgTe-CdTe.  Nous  calculous,  en  fonction  de  la  p&iode  du  super- 
rlseau,  les  valeurs  de  gap  dlnergie,  de  masses  effectives  uormales  aux  interfaces  et  de  lon¬ 
gueurs  caractlristiques  d’effet  tunnel.  Les  memes  quantity  sont  aussi  calculles  pour 
un  alliage  (Hg,Cd)Te  et  compares  avec  celles  obtenues  pour  le  super-r*seau  HgTe- 
CdTe.  U  est  d<monti4  qu’en  gtalral,  les  supes-rtseaux  HgTe-CdTe  possWent  des 
propriltls  sup^rieures  i  celles  des  alliages  pour  les  applications  en  detection  infra-rouge. 

Abstract-  We  report  on  a  theoretical  study  of  the  electronic  properties  of  HgTe-CdTe 
superlattices.  The  band  gap  as  a  function  of  layer  thickness,  effective  masses  normal 
to  the  layer  plane  and  tunneling  length  are  compared  to  the  corresponding  (Hg,  Cd)Te 
alleys.  We  find  that  the  superlattice  possesses  a  number  of  properties  that  may  make 
it  superior  to  the  corresponding  alloy  as  an  infrared  material. 

I- Introduction 

Superlattices  formed  of  HgTe  and  CdTe  have  been  proposed  as  materials  for  application  in  the 
infrared  /1-3/.  In  the  last  couple  of  years  a  number  of  groups  have  made  serious  attempts  to 
fabricate  these  superlattices  /4- 6/. 

In  elemental  and  alloy  based  (Hg*Cdi__*Te  -HgvCdi_«Te)  superiattices,  the  material  is  made 
up  of  alternating  layers  of  the  compounds  or  alloys.  The  simplest  case  is  illustrated  by  con¬ 
centrating  on  the  elemental  superlattice.  In  this  case,  the  superlattice  can  be  viewed  in  a 
Kronig-Penney  square  well  model  like  that  schematically  illustrated  in  Fig.  1.  In  drawing  this 
figure,  the  valence  band  offset  has  been  taken  to  be  zero.  This  value  is  consistent  with  all  of  the 
measured  results  and  the  few  empirical  ideas  for  estimating  valence  band  offsets  /T,8/.  In  this 
schematic  the  holes  do  not  experience  a  barrier  in  going  from  one  layer  to  another.  However,  the 
electrons  see  the  full  difference  in  the  band  gaps.  As  noted  originally  in  Ref.  I,  this  superlattice 
has  the  property  that  the  band  gap  is  dependent  on  thickness  of  the  layers.  In  the  limit  of  very 
thick  HgTe  layers  the  band  gap  is  zero  since  it  originates  in  the  HgTe.  As  the  thickness  of  the 
HgTe  layer  is  reduced,  the  band  gap  increases  as  a  result  of  the  confinement  of  the  conduction 
band  wavefunction.  In  the  limit  of  very  thin.layers  the  superiattice  bandgap  approaches  that 
of  the  alloy  with  the  same  composition.  Another  property  of  such  a  structure  was  noted  in  the 
original  papers  by  Schulman  and  McGill  / 1-3/.  The  close  proximity  of  the  valence  band  edge  of 
CdTe  implies  that  the  tunneling  length  in  the  CdTe  for  electrons  at  the  conduction  band  edge 
is  quite  long  and  that  the  masses  for  electrons  at  the  conduction  band  edge  normal  to  the  layers 
is  relatively  small.  For  thinner  CdTe  layers,  the  superiattice  can  behave  as  a  three-dimensional 
bulk  materials  as  opposed  to  the  two  dimensional  character  of  many  of  the  other  materials  and 
systems. 


•  •  •  '^-HgTe  ■  CdTe-*l  •  •  • 

Fig.  1-  Schematic  illustration  of  the  HgTe-CdTe  heterojunction.  Repetition  of  this  heterojunc¬ 
tion  produces  the  superlattice.  The  valence  band  ofbet  is  taken  to  be  zero. 

In  this  paper  we  report  on  a  more  accurate  study  of  the  near  band  edge  properties  of  the 
HgTe-CdTe  superlattices  and  make  detailed  comparisons  with  the  corresponding  properties  of 
the  alloys.  Section  II  contains  a  brief  description  of  the  theoretical  technique  used  to  make  the 
calculations.  Section  m  gives  the  results  and  compares  them  with  those  corresponding  to  the 
alloys.  Section  IV  presents  our  conclusions. 

D-Calculaiional  Method 

In  the  original  papers  by  Schulman  and  McGill  /1-3/,  the  calculations  were  carried  out  using 
the  empirical  tight-binding  technique.  This  technique  had  one  difflciency  in  that  it  aimed 
at  reproducing  the  optical  transitions  for  the  HgTe  and  CdTe  but  did  not  give  an  accurate 
description  of  the  near  band  edge  properties  such  as  effective  masses.  In  this  report,  we  give  the 
results  of  kp  calculations  that  reproduce  the  near  band  edge  properties  very  accurately.  The 
calculational  approach  is  similar  to  those  reported  by  White  and  Sham  /9/,  and  Bastard  /10 /. 
A  two-band  k  p  approach  is  applied  to  the  conduction  and  light  hole  band.  The  heavy  hole 
band  is  also  treated  using  this  formalism.  It  is  taken  to  connect  through  the  momentum  matrix 
element  with  the  Tis  conduction  band  states.  The  potential  is  assumed  to  be  constant  in  the  two 
layers  with  a  discontinuity  at  the  interface  for  the  s-like  potential  (the  conduction  band  offset). 
An  analytical  expression  for  the  superlattice  energy-wavevector  relation  is  obtained.  The  alloy 
is  also  described  using  a  2-band  k-p  approach.  The  parameters  in  the  k*p  are  obtained  using  a 
virtual  crystal  type  approximation. 

The  spUttings  Te-Ts  and  r^e-Ts  are  takea  to  be  1.60  eV  and  6.01  eV  for  CdTe  and  -0.303 
eV  and  5.58  eV  for  HgTe.  The  to  light  hole  momentum  matrix  element  is  taken  to  be 
2.54>/  eV  mo  and  the  T  i5;c  to  heavy  hole  matrix  element  is  taken  to  be  2.30  ^eV  mo,  resulting 
in  a  heavv  hole  effective  mass  of  0.55mo  in  both  materials.  The  lattice  constant  was  taken  to 
be  6.472  A.  The  valence  band  offset  was  taken  to  be  zero. 

* 

The  effective  masses  are  obtained  by  differentiating  the  resulting  energy-wavevector  relation. 
The  tunneling  length  is  obtained  by  finding  the  imaginary  superlattice  wavevector  in  the 
bandgap  of  the  superlattice. 
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In  Fig.  2  we  present  the  results  for  cutoff  wavelength  as  a  function  of  composition  for  the  alloy 
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and  layer  thickness  for  superlattices  in  which  the  thickness  of  the  HgTe  is  the  same  as  the  CdTe. 
The  result  for  the  alloy  shows  the  characteristic  singularity  at  x  —  0. 14.  In  contrast  the  result 
for  the  bandgap  of  the  superlattice  shows  no  such  singularity.  The  cutoff  wavelength  smoothly 
approaches  infinity  as  the  thickness  of  the  HgTe  layer  approaches  infinity.  This  result  implies 
an  obvious  advantage  for  the  superlattice.  To  reach  a  given  cutoff  wavelength,  the  parameters 
which  must  be  controlled  are  the  thickness  of  the  layers.  Since  in  the  case  of  the  superlattice 
the  cutoff  wavelength  is  not  singular  in  this  parameter,  the  precision  with  which  this  parameter 
must  be  controlled  to  reach  a  given  cutoff  is  much  less  in  the  superlattices  than  in  the  alloys. 


Fig.  2-  The  cutoff  wavelength  or  the  reciprocal  of  the  bandgap  for  the  alloy  as  a  function  of 
compostion  and  the  superlattice  as  a  function  of  layer  thickness.  The  thicknesses  of  the  HgTe 
and  CdTe  layers  in  the  superlattice  are  assumed  to  be  the  same. 


One  characteristic  of  narrow-band-gap,  zincblende-crystal-structure  material  is  the  very  small 
effective  mass  /Ilf.  In  Fig.  3,  we  have  plotted  the  effective  mass  of  the  conduction  band  for 
the  alloy  and  the  superlattice  normal  to  the  layers  as  function  of  the  cutoff  wavelength  or  the 
reciprocal  of  the  band  gap.  To  illustrate  our  point  the  results  for  equal  HgTe  and  CdTe  layer 
thicknesses  are  presented.  This  figure  shows  a  very  interesting  property  of  the  superlattice  as 
compared  to  the  alloy.  The  effective  mass  of  the  superlattice  is  much  larger  than  that  for  the 
corresponding  alloy. 


Fig.  3-  The  electron  effective  man  as  a  function  of  the  cutoff  wavelength  for  the  alloys  and  a 
superlattice  with  equal  thicknesses  of  HgTe  and  CdTe.  The  effective  mass  for  the  superlattice 
is  that  normal  to  the  layers.  Note  the  scale  change  on  the  effective  masses  for  the  two  graphs. 


In  most  device  structures  employing  narrow  band  gap  semiconductors,  the  very  small  electron 
effective  mass  is  an  obvious  disadvantage.  The  small  effective  mass  leads  to  large  diffusion 
currents  and  large  tunneling  currents  through  the  depletion  region  of  the  devices.  In  the  case 
of  the  superlattices  the  effective  mass  and  the  band  gap  are  not  strongly  coupled.  Hence,  one 
can  obtain  values  for  the  effective  mass  in  the  appropriate  direction  that  are  large  compared  to 
those  for  the  same  band  gap  in  the  alloy. 


To  illustrate  this  point  quantitatively,  we  have  plotted  a  characteristic  length  governing  the 
tunneling  as  a  function  of  the  cutoff  wavelength  for  a  superlattice  and  alloy  in  Fig.  4.  We  have 
selected  the  characteristic  length  to  be  the  reciprocal  of  the  imaginary  part  of  the  wavevector 
at  its  maximum  in  the  forbidden  gap.  Again  for  convenience  we  have  chosen  the  case  when  the 
superlattice  is  m«de  of  layers  of  HgTe  and  CdTe  with  the  same  thickness.  The  important  point 
to  note  from  this  figure  is  the  rather  large  values  of  the  tunneling  length  for  the  alloy  that  are 
obtained  when  the  cutoff  wavelength  is  large  and  the  rather  small  values  that  are  obtained  in 
the  superlattice. 


Fif.  4-  The  tunneling  length  as  a  function  of  cutoff  wavelength  for  the  alloy  and  superlattice. 
The  tunneling  length  is  defined  to  be  the  reciprocal  of  the  imaginary  part  of  the  wavevector  at 
its  maximum  if  the  forbidden  gap.  The  superiattice  consists  of  HgTe  layers  and  CdTe  layers 
with  the  same  thickness. 


IV-Comelusioni 


In  this  short  note  we  have  presented  an  accurate  study  of  the  narrow  band  edge  properties  of 
the  HgTe-CdTe  superlattices.  The  theoretical  results  suggest  three  very  important  properties 
of  this  superiattice  as  an  infrared  material:  First,  the  band  gap  is  continuously  adjustable 
from  the  value  of  the  alloy  to  zero  for  a  fixed  ratio  of  HgTe  to  CdTe.  Second,  for  moderate 
thicknesses  of  the  CdTe  layers,  the  superiattice  can  behave  as  a  three-dimensional  material 
with  a  reasonable  value  for  the  mass  of  the  electrons  normal  to  the  layer.  Third,  the  electron 
tunneling  is  significantly  reduced  compared  to  that  for  the  alloy  of  the  same  bandgap. 


These  properties  make  the  superiattices  of  HgTe-CdTe  one  of  the  most  exciting  recent  develop¬ 
ments  in  infrared  materials. 
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In  their  seminal  paper  on  superlattices,  Esaki  and  Tsu'  indi¬ 
cated  that  superlattices  involving  II-VI  compounds  and 
their  alloys,  could  be  of  interest  along  with  superlattices  in¬ 
volving  group  IV  and  III-V  semiconductors.  Independent¬ 
ly,  Schulman  and  McGill2  identified  the  HgTe-CdTe  super¬ 
lattice  as  an  interesting  case  to  study.  HgTe  and  CdTe  have 
the  same  crystal  structure  and  lattice  constant  to  0.3%.* 
CdTe  is  a  conventional  zinc  blende  semiconductor  with  a 
band  gap  of  about  1.6  eV;  HgTe  is  a  zero  band  gap  semicon¬ 
ductor.3  Hence,  HgTe-CdTe  superlattices  are  expected  to 
span  a  wide  range  of  properties. 

Schumlan  and  McGill2’4  carried  out  extensive  theoretical 
studies  of  this  superlattice  and  concluded  that  this  superlat¬ 
tice  could  have  significant  application  in  infrared  devices. 
For  fixed  Hg  to  Cd  ratio,  they  found  that  the  band  gap  of  the 
superlattice  could  be  adjusted  from  zero  in  the  limit  of  thick 
HgTe  layers  to  a  value  that  is  approximately  that  of  the  cor¬ 
responding  alloy  for  thin  HgTe  layers.  This  band  gap  vari¬ 
ation  should  be  contrasted  with  that  of  the  alloy  where  a 
single  value  is  obtained  for  fixed  Hg  to  Cd  ratio.  One  could 
also  make  superlattices  from  alloys  Hg,,  _  x|Cdx  Te-Hg,,  _  „ 
CdrTe.  Hence,  one  could  vary  both  the  thickness  of  the  two 
layers  and  x  and  y.  These  four  independent  parametes  can  be 
used  to  control  the  materials  properties. 

An  important  question  is  the  value  of  the  offset  between 
the  valence  band  in  the  two  materials.  This  parameter  is 
particularly  important  in  governing  the  properties  of  the  su¬ 
perlattices.  Classical  arguments  based  on  the  electron  affin¬ 
ity  differences,3  the  common  anion  rule,6  and  Harrison’s 
model7  suggest  that  valence  band  offsets  should  be  small. 
Schulman  and  McGill*  found  that  if  they  took  the  band  off¬ 
set  between  the  valence  bands  of  the  HgTe  and  CdTe  to  be 
zero,  then  the  decay  of  the  wave  function  near  the  valence 
band  and  conduction  band  edges  into  the  CdTe  was  slow. 
Therefore,  transport  normal  to  the  layers  was  possible  even 
for  rather  thick  layers  of  CdTe  in  the  superlattice.  Hence,  the 
material  would  behave  as  a  true  three-dimensional  material, 
in  that  transport  normal  to  the  layers  would  take  on  a  rea¬ 
sonable  value.  Experimentally,  the  value  of  the  band  offsets 
for  this  structure  has  not  been  determined  unequivocally. 
However,  the  results  of  experiments  by  Kuech  and  McCal- 
din9  suggest  that  the  band  offsets  for  the  valence  band  may 
indeed  be  small. 

In  a  recent  paper.  Smith,  McGill,  and  Schulman10  have 
presented  a  number  of  reasons  for  considering  HgTe-CdTe 
superlattices  for  application  in  the  infrared.  Using  a  much 
improved  calculation  of  the  band  gap  of  the  superlattice  as  a 
function  of  the  layer  thickness,  they  find  that  interesting  cut¬ 
off  wavelengths  18—12  /am)  can  be  reached  by  working  with 
superlattices  with  thickness  as  great  as  55-75  A.  Further¬ 


more,  they  find  that  the  band  gap  of  the  superlattice  can  be 
determined  with  less  fractional  precison  in  the  layer  thick¬ 
ness  than  the  fractional  precision  in  composition  required 
for  the  alloy.  This  makes  it  easier  to  reach  a  given  cutoff 
wavelength  with  the  superlattice  than  with  the  alloy. 

They  also  find  that  the  CdTe  layers  in  the  superlattice  tend 
to  confine  the  electronic  wave  fimctions  for  energies  in  the 
forbidden  gap  better  than  in  the  alloy.  To  illustrate  this 
point,  we  have  plotted  the  complex  band  structure  for 
Hgn  _x|CdxTe  alloys  in  Fig.  1  and  that  for  HgTe-CdTe  su¬ 
perlattices  with  the  same  band  gaps.  The  important  point  to 
be  noted  here  is  the  much  larger  value  of  the  k,  for  the  super¬ 
lattice  as  compared  to  the  alloy  with  the  same  band  gap.  This 
difference  in  the  imaginary  part  suggests  significantly  re¬ 
duced  tunneling  in  junctions  formed  in  the  superlattice  as 
compared  to  those  in  alloys.  Hence,  the  HgTe-CdTe  super¬ 
lattice  has  a  number  of  properties  that  could  make  it  interest¬ 
ing  in  comparison  to  the  alloy  for  infrared  applications. 

The  fabrication  of  these  structures  is  difficult  owing  to  the 
high  Hg  vapor  pressure.  A  number  of  groups  have  been  at¬ 
tempting  to  fabricate  HgTe-CdTe  superlattices.  Very  re¬ 
cently  Faurie  and  co- workers"  have  reported  the  first 
growth  of  these  structures.  Using  molecular  beam  epitaxy, 
this  group  has  succeeded  in  fabricating  as  many  as  100  lay¬ 
ers.  The  thickness  of  the  HgTe  layers  ranged  from  180-1600 
A,  and  the  thickness  of  the  CdTe  layers  ranged  from  44-600 
A.  While  these  experimental  results  are  very  preliminary, 
they  indicate  that  HgTe-CdTe  superlattices  can,  in  fact,  be 
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Fig.  I.  Complex  band  structure  of  the  Hg,, .  „Cd,Te  alloy  and  the  HgTe- 
CdTe  superlattice.  The  abscissa  is  the  imaginary  part  of  the  wave  vector 
which  governs  the  decay  of  the  wave  function  in  the  forbidden  energy  range 
which  is  given  on  the  ordinate.  The  results  for  a  number  of  different  alloy 
compositions  x  are  given.  To  make  comparison  possible,  the  results  are  also 
given  for  the  superlattice  with  .-qua!  amounts  of  CdTe  and  HgTe.  with  the 
thickness  of  the  layers  adjusted  to  give  the  same  value  for  the  band  gap  as  for 
the  alloy. 
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grown.  Only  future  experiments  will  show  whether  or  not 
they  have  the  desired  properties. 

In  summary,  HgTe-CdTe  superlattices  are  extremely  in¬ 
teresting  materials,  whose  properties  are  only  beginning  to 
be  explored. 

The  authors  gratefully  acknowledge  the  support  of  the 
Army  Research  Office  under  Contract  No.  DAAG29-80-C- 
0103. 


'L.  Enid  and  R.  Tsu,  IBM  J.  Rea.  Dev.  14, 61  (1970). 

Jj.  N.  Schulman  and  T.  C  McGill,  AppL  Phys.  Lett.  34, 663  (1979). 


JR.  Dornhaus  and  G.  Nimtz,  Spnagtr  Tracts  in  Modem  Physics  (Springer, 
New  York.  1976),  VoL  7S. 

4J.  N.  Schulman  and  T.  C.  McGill,  J.  Vac.  ScL  TechnoL  16, 1313  (1979). 
’R.  L.  Anderson.  Proceedings  of  the  International  Conference  on  Semicon¬ 
ductors  Prague,  I960  (Academic,  New  York,  1961),  p.  363.  The  values 
and  calculations  are  given  in  Ref.  4. 

*J.  O.  McCaldin,  T.  C.  McGill,  and  C  A.  Mead.  J.  Vac.  Sd.  TechnoL  13, 
802(1976). 

7W.  A.  Harrison,  J.  Vac.  ScL  TechnoL  14, 1016  (1977). 

'J.  N.  Schulman  and  T.  C.  McGill  Phys.  Rev.  B  23. 4149  (1981). 

*T.  F.  Kuech  and  J.  O.  McCaldin,  J.  AppL  Phys.  S3.  3121  (1982). 

,0D.  L.  Smith,  T.  C.  McGill  and  J.  N.  Schulman,  AppL  Phys.  Lett,  (submit¬ 
ted  for  publication). 

"I.  P.  Fauna,  A.  Million,  and  J.  Piaguet,  AppL  Phys.  Lett.  41, 713  (1982). 


Publication  5 


Surface  Science  113(1982)  161-164  161 

North-Holland  Publishing  Company 


ENERGY  SPECTRA  OF  DONORS  IN  GaAs-Ga,_,AlxAs  QUANTUM 
WELL  STRUCTURES  * 

C.  MAILHIOT**,  Yia-Chung  CHANG  ***  and  T.C.  McGILL 

California  Institute  of  Technology.  Pasadena.  California  911-5.  USA 
Received  10  July  1981;  accepted  for  publication  26  August  1981 


We  present  the  results  of  a  theoretical  study  of  the  variation  of  the  binding  energy  for  shallow 
donor  slates  in  quantum  well  structures  consisting  of  a  single  slab  of  GaAs  sandwiched  between 
two  semi-infinite  slabs  of  Ga,  _ ,  Al ,  As.  The  alloy  composition,  x.  is  varied  between  0  I  and  0.4.  In 
this  range,  the  Ga,_tAl,As  is  direct  and  the  single-valley  effective  mass  theory  is  a  valid 
technique  for  treating  shallow  states.  Calculations  are  carried  out  in  the  case  of  finite  potential 
barrier  determined  by  realistic  conduction  band  offsets.  We  find  that  the  binding  energy  varies 
from  about  5  meV  at  infinite  GaAs  slab  thickness  to  a  maximum  value  between  IS  and 
S  monolayers  depending  on  the  alloy  composition.  The  maximum  binding  energy  vanes  from 
about  12  meV  for  the  <r  =  0  1  alloy  to  about  16  meV  for  the  v=0.4  alloy. 


1.  Introduction 

The  unique  nature  of  electronic  states  associated  with  semiconductor  super- 
lattices  has  been  the  subject  of  a  great  deal  of  interest  [1-3].  In  view  of  the 
potential  applications  of  these  structures  [4-7],  the  understanding  of  impurity 
states  found  within  these  systems  is  an  issue  of  technical  as  well  as  scientific 
importance. 

In  this  paper,  we  report  on  a  study  of  donor  states  in  a  single  GaAs- 
Ga, _,A1tAs  quantum  well,  i.e.,  a  structure  formed  with  a  central  GaAs  slab 
(well  material)  flanked  by  two  semi-infinite  Ga,_vAltAs  slabs  (barrier 
material).  The  binding  energy  of  a  donor  state  centered  in  the  GaAs  slab  is 
studied  as  a  function  of  the  width  of  the  rectangular  potential  well  formed  by 
the  conduction  band  offset  at  the  GaAs-Ga|_,Al,  As  interface.  The  effect  of 
the  alloy  composition,  x,  in  the  barrier  material  is  also  investigated.  We  find 
that  the  binding  energy  is  considerably  modified  as  :  he  dimension  of  the 
confining  quantum  well  is  varied.  Since  we  treat  a  single  quantum  well,  the 
results  discussed  below  should  apply  to  superlattices  in  which  the  Ga , . ,  Al ,  As 
barriers  are  thick  enough  so  that  there  is  little  overlap  between  the  states 
confined  within  adjacent  GaAs  quantum  wells. 
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2.  Calculation  method 


Calculations  are  based  on  the  effective  mass  approximation.  The  composi¬ 
tion  of  the  Ga,  Al  t  As  alloy  was  varied  in  the  range  where  the  alloy  remains 
direct,  so  that  single-valley  effective  mass  theory  still  holds.  Realistic  conduc¬ 
tion  band  offsets  of  finite  values  were  used,  thereby  allowing  the  wavefunction 
to  penetrate  into  the  barrier  material. 

Taking  into  account  the  finite  magnitude  of  the  potential  barrier,  the 
effective  mass  Hamiltonian  corresponds  to  that  of  a  Coulomb  center  at  the 
middle  of  a  finite  quantum  well  of  width  2a  (along  the  z  direction)  and  height 
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m?  and  e,  refer  to  the  bulk  GaAs  values  and  m\  and  t2  refer  to  the 
interpolated  values  in  Ga,_,AltAs.  Since  the  dielectric  constants  of  the  two 
semiconductors  are  similar,  the  potential  energy  contribution  due  to  the  image 
charges  of  the  impurity  ion  [8]  was  found  to  be  at  most  of  the  order  of  3%  and 
were  therefore  neglected  in  the  ptfesent  calculation.  The  conduction  band 
offset.  V0,  was  taken  to  be  85%  of  the  difference  in  the  band  gaps  of  GaAs  and 
Ga,  _*AlxAs  [9J.  Since  the  alloy  composition  range  studied  was  such  that  the 
alloy  was  direct  (jc<0.45)  [9],  both  the  effective  mass  m\  and  the  conduction 
band  offset  V0  were  determined  using  the  T-point  values  in  Ga, _tAl, As. 
Using  room  temperature  values,  we  obtain  for  GaAs  and  Ga,_xAl,As  [9]: 
m?  =  0.067m 0,  m*  =  (0.067  +  0.083.x)m0,  e,  =  13.1c0,  t2  =  (13.1(1  —  x)  + 
10.1jc)«o,  and  V0  =  1.06.x  eV,  where  m0  and  t0  are  the  free  electron  mass  and 
the  vacuum  static  dielectric  constant,  respectively. 

The  calculations  made  use  of  the  variational  principle.  The  basis  set  used 
consists  of  solutions  to  the  one-dimensional  finite  quantum  well  Hamiltonian 
multiplied  by  a  set  of  nineteen  two-dimensional  Gaussian-type  orbitals.  The 
boundary  conditions  imposed  on  the  one-dimensional  solutions  to  the  finite 
quantum  well  were  continuity  of  the  wavefunction  and  of  the  velocity  operator 
since  the  two  effective  masses  differ  across  the  well  boundary.  The  donor  state 
envelope  function  is  allowed  to  leak  into  the  barrier  material  as  the  width  of 
the  well  is  reduced.  To  confirm  the  validity  of  this  basis  set,  we  have  also 
carried  out  the  calculation  using  another  basis  set  [10],  consisting  of  three- 
dimensional  Gaussian-type  orbitals  defined  in  an  ellipsoidal  coordinate  system 
so  as  to  retain  the  non-spherical  character  of  the  Hamiltonian  (eq.  ( 1 )).  This 
basis  set  has  the  advantage  of  reproducing  reasonably  well  the  Coulomb  center 
at  large  slab  thicknesses  where  the  cosine-like  character  of  the  well  states  basis 
set  does  not  produce  a  good  description.  For  slab  thicknesses  less  than  about 
40  GaAs  monolayers,  this  ellipsoidal  basis  set  produces  results  similar  to  those 
reported  here. 
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Fig.  I .  Variation  of  (He  energy  measured  with  respect  to  the  first  subband  for  the  donor  ground 
state  in  GaAs-Ga,.JtAlxAs  quantum  well  structure  as  a  function  of  the  GaAs  slab  thickness. 
Calculations  were  carried  out  for  four  alloys  compositions.  The  dash-dotted  line  indicates  the 
binding  energy  for  bulk  GaAs.  A  GaAs  monolayer  is  2.83  A  thick. 


3.  Results 

The  energy  of  the  ground  state  with  respect  to  the  first  conduction  subband 
as  a  function  of  GaAs  slab  thickness  is  shown  in  fig.  1  for  four  alloy 
compositions:  *  =  0.1,  0.2,  0.3,  0.4.  The  binding  energy  versus  GaAs  slab 
thickness  curve  presents  a  maximum  whose  magnitude  and  position  depend  on 
the  alloy  composition  of  the  barrier  material.  The  position  of  the  maximum 
varies  from  about  15  monolayers  to  about  5  monolayers  as  the  Al  content  in 
the  alloy  is  increased  from  10%  to  40%.  The  corresponding  maximum  binding 
energy  increases  from  about  12  to  about  16  meV  as  the  Al  content  in  the  alloy 
is  augmented  from  10%  to  40%.  Greater  Al  concentration  in  the  barrier 
material  leads  to  larger  conduction  band  offsets  and  therefore  more  effective 
confinement  of  the  donor  envelope  function.  Since  a  greater  confinement  of 
the  donor  state  leads  to  a  more  sharply  peaked  wavefunction  around  the 
impurity  center,  the  attractive  Coulomb  potential  is  more  effective  in  binding 
the  donor  state  when  the  Al  content  in  the  Ga,_  ,AlxAs  barriers  is  increased. 


4.  Conclusions 

We  have  calculated  the  binding  energy  of  shallow  donor  states  in  GaAs- 
Ga,_xAlxAs  quantum  well  structures  using  the  effective  mass  approximation 
scheme.  Realistic  values  for  conduction  band  offsets  were  used.  The  impurity 
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center  was  located  in  the  middle  of  the  GaAs  slab.  The  variation  in  binding 
energy  of  the  donor  ground  state  was  studied  as  a  function  of  the  central  GaAs 
slab  thickness.  Calculations  were  done  for  four  alloy  compositions  of 
Ga,  _  t  AlT  As  in  a  range  in  which  the  alloy  remains  direct. 

It  was  found  that  the  binding  energy  of  the  donor  ground  state  is  consider¬ 
ably  modified  as  the  thickness  of  the  GaAs  stab  containing  the  impurity  was 
varied.  This  variation  in  binding  energy  should  be  easily  observed  experimen¬ 
tally  since  molecular-beam  epitaxy  (MBE)  techniques  [11]  now  allow  for  the 
fabrication  of  superlattii.es  consisting  of  alternating  slabs  of  few  monolayers  of 
GaAs-Ga , Al x  As.  It  seems  then  possible  to  adjust  the  binding  energy  of  a 
Coulomb  center  in  a  superlattice  by  varying  the  thickness  of  the  slab  contain¬ 
ing  the  impurity  center. 
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Energy  spectra  of  donors  in  GaAs-Gat_xAixAs  quantum  well  structures 
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We  present  the  results  of  a  study  of  the  energy  spectrum  of  the  ground  state  and  the 
low-lying  excited  states  for  shallow  donors  in  quantum  well  structures  consisting  of  a  sin¬ 
gle  slab  of  QaAs  sandwiched  between  two  semi-infinite  layers  of  Ga,_jAI,As.  The  effect 
of  the  poettion  of  the  impurity  atom  within  central  GaAs  slab  is  investigated  for  different 
slab  thicknesses  and  alloy  compositions.  Two  limiting  cases  are  presented:  one  in  which 
the  impurity  atom  is  located  at  the  center  of  the  quantum  well  (on-center  impurity),  the 
other  in  which  the  impurity  atom  is  located  at  the  edge  of  the  quantum  well  (on-edge  im¬ 
purity).  Both  the  on -center  and  the  on-edge  donor  ground  state  are  bound  for  all  values 
of  GaAs  slab  thicknesses  and  alloy  compositions.  The  alloy  composition  x  is  varied  be¬ 
tween  0.1  and  0.4.  In  this  composition  range,  Gai_,Al,As  is  direct,  and  the  single-valley 
effective -mass  theory  is  a  valid  technique  for  treating  shallow  donor  states.  Calculations 
are  carried  out  in  the  case  of  finite  potential  barriers  determined  by  realistic  conduction- 
band  offsets. 

I.  INTRODUCTION  varied.  Both  the  on-center  and  the  on-edge  donor 

energies  with  respect  to  the  first  conduction  sub- 
The  unique  nature  of  electronic  states  associated  band  versus  GaAs  slab  thickness  present  a  max- 

with  semiconductor  superlattices  has  been  the  sub-  imum  (in  absolute  value)  whose  magnitude  depends 

ject  of  a  great  deal  of  interest  both  from  the  on  the  alloy  composition.  The  on-edge  impurity 

theoretical1  and  experimental7'10  viewpoints.  In  produces  a  more  shallow  donor  ground  state  than 

view  of  the  potential  applications  of  these  struc-  the  on-center  impurity.  This  reduction  of  binding 

tures,"-14  the  understanding  of  impurity  states  of  the  on-edge  donor  ground  state  results  from  the 

found  within  these  systems  is  an  issue  of  technical  fact  that  the  repulsive  barrier  potential  tends  to 

as  well  as  scientific  importance.  push  the  electronic  charge  distribution  away  from 

In  this  paper  we  report  on  study  of  the  energy  the  attractive  ionized  center  thereby  leading  to  a 

spectrum  of  shallow  donor  states  in  a  single  reduced  effective  Coulomb  attraction.  This  finding 

GaAs-Gai  _xAlx  As  quantum  well,  i.e.,  a  structure  is  in  accord  with  previous  calculations  carried  in 

formed  by  a  central  GaAs  slab  (well  material)  the  case  of  infinite  confining  potential.15 

flanked  by  two  semi-infinite  Gat_xAlxAs  layers  In  Sec.  II  we  present  the  calculation  techniques, 

(barrier  material).  The  energy  spectrum  of  a  donor  We  discuss  first  the  effective-mass  Hamiltonian 

state  located  within  the  GaAs  slab  is  studied  as  a  used  for  treating  the  shallow  states  and  its  validity; 

function  of  the  width  of  the  rectangular  potential  then  we  describe  the  basis  orbitals  on  which  the 

well  formed  by  the  conduction-band  offset  at  the  donor  state  is  expanded.  In  Sec.  Ill,  the  main  re- 

GaAs-Ga,_xAlx As  interface.  The  effect  of  the  al-  suits  are  presented.  First  we  discuss  the  energy 
loy  composition  x  in  the  barrier  material  as  well  as  spectrum  for  the  on-center  impurity;  then  we  treat 

the  position  of  the  donor  atom  within  the  well  are  the  case  of  the  on-edge  impurity.  A  comparison  is 

also  investigated.  To  illustrate  the  effect  of  the  po-  made  between  these  two  limiting  cases.  A  sum- 
sition  of  the  donor  on  the  electronic  spectra,  two  rnaxy  of  the  results  and  a  conclusion  are  presented 

positions  of  the  donor  ion  were  studied:  (1)  donor  in  Sec.  IV. 

ion  at  the  center  of  the  quantum  well  (on-center 
impurity)  and  (2)  donor  ion  on  the  edge  of  the 

quantum  well  boundary  (on-edge  impurity).  We  II.  CALCULATION  METHOD 

find  that  the  donor  energy  spectrum,  both  for  the 

on-center  and  the  on-edge  impurity,  is  considerably  Calculations  are  based  on  the  effective-mass  ap- 

modified  as  the  dimension  of  the  quantum  well  is  proximation  (EMA).  The  GaAs-Ga,_xAlxAs  sys- 
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ton  vu  chosen  since  the  EMA  is  known  to  bold 
to  a  high  degree  of  accuracy  for  shallow  donor 
states  in  GaAs.14  As  shown  by  Ando  and  Mori,17 
the  boundary  condition  that  the  donor  envelope 
function  and  the  particular  current  are  continuous 
across  the  interface  is  sufficient  in  the  case  of 
GaAs*Gat_jAlxAs  quantum  well  structures.  For 
other  systems,  one  would  have  to  go  beyond  the 
EMA  and  use  the  complex  band  structure  of  the 
superlattice  to  provide  a  complete  theoretical 
description  of  shallow  donor  states.11  Since  we 
treat  a  single  quantum  well,  the  results  dismissed 
below  should  apply  to  superlattices  in  which  the 
Ga,_*AlxAs  barriers  are  thick  enough  so  that 
there  is  little  overlap  between  the  states  confined  to 
adjacent  GaAs  quantum  wells.  In  the  case  of  thin 
superlattices,  one  should  take  into  account  the 
spreading  of  the  donor  envelope  function  into  the 
adjacent  quantum  wells. 

The  composition  of  the  Gai_xAlxAs  alloy  was 
varied  in  the  range  where  the  alloy  remains  direct, 
so  that  the  single- valley  effective- mass  theory  still 
holds.  Realistic  conduction-band  offsets  of  finite 
magnitude  were  used,  thereby  allowing  the  wave 
function  to  penetrate  into  the  barrier  material  as 
the  dimensions  of  the  confining  quantum  well  are 
reduced.  The  use  of  finite  conduction-band  offsets 
has  a  large  effect  on  the  binding  energy  of  the 
donor  state  in  the  th***  GaAs  limit  -vt  should 
be  compand  with  approximate  calculations  carried 
out  using  infinitely  high  barrier  height  (quantum 
box  case).1*  20  For  example,  aa  first  shown  by 
Levine,21  hydrogenic  donor  states  at  a  semicon¬ 
ductor  surface  cannot  exist  unleu  the  sum  of  the 
Coulomb  quantum  numbers,  /  +m,  is  an  odd  in¬ 
teger  if  the  potential  discontinuity  is  assumed  to  be 
infinite  at  the  surface.  In  this  case,  the  ground 
state  corresponds  to  a  2 ps  hydrogenic  state.  In 
particular,  spherically  symmetric  statu  are  not  al¬ 
lowed  since  the  donor  envelope  function  is  required 
to  vanish  at  the  interface.  When  finite  conduc¬ 
tion-band  offsets  are  taken  into  account,  the  condi¬ 
tion  that  the  wave  function  vanish  at  the  interface 
is  relaxed  and  penetration  in  the  barrier  material  is 
allowed.  The  infinite  barrier  caw  should  be  viewed 
as  a  limiting  caw  valid  only  for  very  wide  quan¬ 
tum  wells  for  which  the  penetration  of  the  donor 
state  into  the  barrier  material  is  small. 

The  effective-mass  Hamiltonian  corresponding 
to  a  Coulomb  center  located  at  a  distance  c  from 
the  center  of  a  finite  quantum  well  of  width  2o 
along  the  t  direction  (the  £  axis  is  normal  to  the  in¬ 
terface  plane)  and  height  K0  (see  Fig.  1  for 
geometry)  is 


FIG.  t.  Geometry  of  a  Coulomb  center  located  at  a 
distance  c  from  the  center  of  a  finite  quantum  well  of 
width  2e  (along  the  f  direction)  and  height  K0.  (a)  Phys¬ 
ical  structure,  (b)  Quantum  well  potential  profile  along 
the  i  axil  normal  to  the  interfaces. 


£<i>»—rf,+K,(F)  <1»> 

2m  | 

in  region  (1), 

o  (lb) 

in  region  (2),  and 

+  K ,(r)+K0  (lc) 

2m2 


in  region  (3),  where  m*  refers  to  the  bulk  GaAs 
(well  material)  effective  mass  and  m*  refers  to  the 
interpolated  effective  maw  in  Ga|_j,AlsAs  (barrier 
material).  Since  the  bulk  dielectric  constants  of 
GaAs  and  Gsi_xAlsAs,  f\  and  e2,  respectively, 
differ  slightly,  the  Hamiltonian  must  include  terms 
due  to  electrostatic  image  charges.22,22  The  poten¬ 
tials  K,(F),  Kj(F),  and  Fj(r)  represent  the 
Coulomb  interaction  between  the  electron  and  the 
impurity  ion  as  well  as  the  ion  image  charge. 

When  the  origin  is  taken  to  be  on  the  ionized 
donor,  the  left  and  right  boundaries  of  the  quan¬ 
tum  well  are,  respectively,  z0*  — («  +c)  and 
z0»(e—  c).  We  let  the  dielectric  mismatch  be¬ 
tween  GaAs  and  Ga,  Alx  As  be  expressed  as 


(«■+«*>  ’ 


(2a) 


P' 


2r, 

(r,+«2)  ’ 


(2b) 


and  the  positions  of  the  ion  image  charges  along 
the  £  axis  to  be 
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(a  +c) 


Zq  (n)=  -2  | 


n  +  1 


2 

n  -(-1 


(a  —  c) 


(a  +c) 


terms. 

The  condution-band  offset  V0  was  taken  to  be 
85%  of  the  difference  of  the  k  -  0  band  gaps  of 
GaAs  and  Ga^Al^As.24  Since  the  alloy  compo- 
(3a)  sition  range  studied  was  such  that  the  alloy  was 
direct  lx  <0.45),24  both  the  effective  mass  m*  and 
the  conduction-band  offset  V0  were  determined  us¬ 
ing  the  k  =0  values  in  G#i  Al*  As  (Ref.  24): 


i 

n  — 

n  +1 

(a  — c) 

2 

where 

[x]sintx  . 
Letting 

p=x(x2+y1)'n 

and 


m  i  =0.067m0  , 

(5a) 

s 

m *  =<0.067 -t-0.083x)mo  , 

(5b) 

(3b) 

fi  =  13. Ifo  , 

(5c) 

«2  =  [13. 1(1— x)-f-10.  lx]e0  , 

<5d) 

(3c) 

V0  =  1.06x  eV  , 

(5e) 

(4a) 


(4b) 


the  potential  energy  in  region  (1)  can  be  written  as 
— e2  1 


K,(f) 

where 

nflf) 


4tre,  r 


-MjjMrl+unr)  , 


-t‘ 


r  -  2;V+I»-*o*(«)J,rw 

4,rfl  ..I 


(4c) 


(4d) 


«r(n=— ipV+{*-*o-(«>j2r,/s.  <*«> 

for  the  electron-ion  potential. 

In  region  (2),  the  potential  energy  can  be  ex¬ 
pressed  as 

y2in=~-p'  2  p'Ip1 +[*-*? (n)i2rW2 '  w 

*irei  *  -o 

for  the  electron-ion  potential. 

In  region  (3),  the  potential  energy  can  be  ex¬ 
pressed  as 

v>l7)m-nrp'  +c*-*o  (»)]2r,/J . 

♦**2  .To 

(4g) 

for  the  electron-ion  potential. 

A  finite  number  of  image  charges  were  included 
in  the  expansion  of  Eqs.  (4).  Since  the  dielectric 
mismatch  p  is  at  moat  of  the  order  of  5%  for  the 
x»0.4  alloy,  the  contributions  due  to  higher-order 
image  charge  terms  are  negligible.  In  the  present 
calculation,  we  included  only  four  image  charge 


where  m0  and  e0  are  the  free  electron  mass  and  the 
vacuum  static  dielectric  constant,  respectively. 

To  calculate  binding  energies,  we  must  solve  for 
the  Hamiltonian  defined  in  Eqs.  (1)  without  the 
impurity  potentials  F|(F),  K2( r),  and  K3(F).  That 
is,  we  must  find  the  ground  state  of  an  electron  in 
the  quantum  well  without  the  impurity  potential. 
The  Hamiltonian  for  the  particle  in  this  problem  is 
given  by 


in  region  (1), 

tfo<2>--— r^+^o 
2m  2 

in  region  (2),  and 

ff0(3)=~f2+y0 

2m, 


(6a) 


(6b) 


(6c) 


in  region  (3).  The  energies  (£)  of  the  Coulomb 
states  with  respect  to  the  first  conduction-subband 
edge  are  given  by  the  difference  between  the  donor 
energy  E(H)  and  the  subband  energy  E(H0): 


E*E(H)-EiH0)  ■ 


(7) 


Since  the  Hamiltonian  without  the  Coulomb 
center.  Ho,  is  even  with  respect  to  reflection 
through  the  xy  plane,  eigenstates  of  H0  must  have 
definite  parity.  In  particular,  eigenstates  of  H0  be¬ 
longing  to  odd-number  subbands  in  — 1,3,5, . . .) 
must  be  even  with  respect  to  reflection  through  the 
xy  plane.  Eigenstates  of  Ho  belonging  to  even- 
number  subbands  in  =  2,4,6, . . . )  must  be  odd  with 
respect  to  reflection  through  the  xy  plane. 
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Calculations  were  carried  out  using  a  variational 
method.  To  preserve  the  cylindrical  geometry  of 
the  system,  the  trial  basis  orbitals  on  which  the 
donor-state  envelope  function  is  expanded  are  of 


the  form  of  Gaussian-type  orbitals  (GTO’s)  defined 
in  an  ellipsoidal  coordinate  system  and  shifted  with 
respect  to  the  ionized  donor  taken  to  be  at  the  ori¬ 
gin 


>  2 

4-I.2.1 


where  +  A2(z-d/)2l,/l.  and 

JV,(n,/)  is  a  normalization  constant.  The  index 
i*  1  A3  labels  the  region  of  space  where  the  GTO 
orbital  is  defined.  The  boundary  conditions  that 
both  the  wave  function  and  the  particle  current  are 
continuous  across  the  interface24  determine  rela¬ 
tions  between  the  normalization  constants  N,(n,l) 
and  the  orbital  exponents,  £<(*,/),  in  the  barrier 
material  (4*2,3)  in  terms  of  those  in  the  well  ma¬ 
terial  (i~ !).  To  produce  an  accurate  description  of 
the  donor  envelope  wave  function,  a  shape  parame¬ 
ter,  or  eccentricity  (A),  as  well  as  a  shift  parameter 
(rff),  were  incorporated  in  the  variational  basis  set 
f  |  nlm  >  |.  The  shape  parameter  A.  determines  the 
compression  of  the  envelope  function  along  the 
quantum  well  axis  (£).  The  shift  parameter  d/ 
determines  the  location  of  the  electron  charge  dis¬ 
tribution  when  the  impurity  ion  is  moved  towards 
the  quantum  well  edge.  In  the  calculation  present¬ 
ed  here  we  chose  (1)  d,mO  in  the  case  of  the  oo¬ 
center  impurity  and  (2)  d0=/=0  for  /*0  and  d,  *0 
for  0  in  the  case  of  the  on-edge  impurity.  The 
GTO  orbital  exponents  £|(m,/)  appearing  in  Eq.  (8) 
are  fixed  and  taken  to  be  of  the  form,  in  atomic 
rydberg  units,23 


Co 

bin  M/  +  1) 


with  bin)m\  1,2,4,8,16,32,7 1  and  f0-8/(9ir) 
bohr-2.  The  choice  of  is  dictated  by  the  fact 
that  if  one  solves  the  hydrogen-atom  Hamiltonian 
for  the  ground  state  with  a  trial  Gaussian  orbital 
of  the  form  IVexpi  —for2),  then  one  easily  finds 
that  the  orbital  exponent  £o  that  minimizes  the  ex¬ 
pectation  value  of  the  energy  is  £o~&/(9ir)  bohr-2. 
To  make  the  particle  current  continuous,  we  im¬ 
pose  continuity  of  the  wave  function  and  of  the 
velocity  operator  across  the  quantum  well  boun¬ 
dary.24  The  boundary  condition  that 
I  ■S)/m*  must  be  continuous  across  the  inter¬ 
face  is  required  since  the  difference  in  effective 
masses  was  taken  into  account  in  the  expression  of 
the  Hamiltonian.  As  shown  by  Ando  and  Mori,17 
there  are  adequate  boundary  conditions  in  the  case 


of  GaAs-Gai_jAlzAs  quantum  well  structures. 

The  donor  envelope  function  |  ♦>  is  expanded 
on  this  set  of  trial  orbitals: 

|*>-  2c<',/m)l«/«> .  (10) 

mlm 

where  the  set  of  basis  orbitals  j  |  nlm  >  |  are  the  el¬ 
lipsoidal  GTO’s  defined  above  in  Eq.  (8). 

The  problem  of  solving  the  EMA  Schrodinger 
equation  for  the  donor  envelope  function 

ft  |  ♦>-£(!?) |  ♦>  (ID 

reduces  to  that  of  solving  the  generalized  eigen¬ 
value  problem 

2  [(nlm  |  |  n'l’m’) 

-EiHHnlm  |  «7'm'>]C(/i7'm')*0  , 


for  the  eigenenergy  E(H)  and  the  expansion  coeffi¬ 
cients  Cinlm)  appearing  in  the  expansion  equation 

(10). 

Calculations  were  carried  out  using  both  r-like 
(/*0)  and  p-like  (/=*  1)  GTO’s.  In  the  case  of  the 
on -center  impurity  (e=0),  the  Hamiltonian  in  Eqs. 
(1)  mixes  only  orbitals  whose  angular  momenta  / 
differ  by  an  even  integer.  For  the  on-center  impur¬ 
ity,  only  r-like  GTO’s  were  included  in  the  expan¬ 
sion  equation  ( 10).  However,  for  the  on-edge  im¬ 
purity  (c  *c),  the  mixing  between  r-  and  p-like  or¬ 
bitals  becomes  appreciable  and  must  be  included  to 
provide  an  accurate  description  of  the  neutral 
donor.  For  the  on-edge  impurity,  seven  r-like 
GTO’s  and  seven  p-like  GTO’s  were  included  in 
the  expansion  equation  (10).  The  calculation  of  the 
subband  energy  EiH0 )  was  carried  through  using 
seven  r-like  GTO’s.  As  mentioned  above,  eigen¬ 
states  of  /) o  belonging  to  the  first  conduction  sub¬ 
band  are  even  with  respect  to  reflection  through 
the  xy  plane  and  thus  the  donor  envelope  function 
can  be  fairly  well  described  by  r-like  basis  orbitals. 
For  each  value  of  GaAs  slab  thickness  ( 2a ),  impur¬ 
ity  position  (c),  and  barrier  height  V0,  the  shape 
parameter  A.  as  well  as  the  shift  parameter  dt  were 
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determined  by  minimizing  the  energy  expectation 
value  in  the  ground  state,  EQ(k,d, ). 

This  shifted  ellipsoidal  Gaussian  set  has  the  ad¬ 
vantage  of  reproducing  reasonably  well  the  Cou¬ 
lomb  center  at  both  the  small  (a— » 0)  and  the  large 
(a— »oo )  slab  thickness  limit  where  the  binding  en¬ 
ergy  reduces,  in  the  case  of  the  on-center  donor,  to 
that  of  the  barrier  material  or  the  well  material 
bulk  values,  respectively.  At  the  same  time,  it  re¬ 
tains  the  nonsphehcal  character  of  the  problem 
and  allows  the  basis  orbitals  to  reshape  themselves 
in  order  to  minimize  the  total  energy.  The  in¬ 
clusion  of  a  shift  parameter  dt  in  the  variational 
basis  set  allows  the  electronic  charge  distribution 
associated  with  the  donor  ground-state  envelope 
function  to  be  shifted  away  from  the  position  of 
the  impurity  ion.  This  degree  of  freedom  appears 
to  be  most  important  in  the  case  of  the  on-edge 
donor  where  the  Coulomb  potential  tends  to  pull 
the  charge  distribution  towards  the  ionized  center 
whereas  the  repulsive  barrier  potential  tends  to 
push  it  away  from  the  ionized  center. 

Figure  2  shows  the  eccentricity  (shape  parameter 
k)  for  the  on-center  donor  state  as  a  function  of 
the  GaAs  slab  thickness  for  different  alloy  compo¬ 
sition  x.  As  shown  in  the  figure,  greater  values  of 
x  (i.e.,  greater  conduction-band  offset)  result  in 
larger  shape  parameter  and  therefore  tighter 
GTO’s.  Furthermore,  the  shape-parameter— versus 
-slab-thickness  curve  presents  a  maximum  corre¬ 
sponding  to  a  maximum  confinement  of  the  donor 
envelope  function  around  the  impurity  atom.  For 
both  very  large  and  very  small  slab  thicknesses,  the 
shape  parameter  k  reduces  to  unity  as  it  should  in 
order  to  describe  the  isotropic  case  corresponding 
to  bulk  GaAs  or  bulk  Gat.xAlxAs,  respectively. 


III.  RESULTS 

We  first  treat  the  results  obtained  for  the  on- 
center  impurity  case  (c  =0).  Then  we  treat  the 
on-edge  impurity  case  (c  =a).  Comparisons  are 
made  between  these  two  limiting  cases. 

Figure  3  shows  the  on-center  donor  ground-state 
envelope  function  through  the  Coulomb  center  and 
normal  to  the  interface  plane  for  the  different 
GaAs  slab  thicknesses  and  alloy  compositions. 
Greater  Al  composition  produces  higher  conduc¬ 
tion-band  offsets  which,  in  turn,  tend  to  localize 
the  donor  envelope  function  more  effectively.  As 
shown  in  Fig.  3,  for  very  thin  GaAs  slab,  the  en¬ 
velope  function  leaks  appreciably  into  the  barrier 
material  (Gat_xAl,As).  In  the  limit  of  very  thin 
GaAs  slab  thicknesses,  one  should  recover  the 
binding  energy  corresponding  to  bulk 
GS]_xAlx  As.  Conversely,  for  large  GaAs  slab 
thicknesses,  the  on-center  donor  ground  state  is 
mostly  confined  within  the  quantum  well  and  one 
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should  recover  the  binding  energy  for  bulk  GaAs. 
As  mentioned  above,  the  EMA  Hamiltonian  for 
the  oxen  ter  impurity  mixes  only  orbitals  whose 
angular  momenta  /  differ  by  an  even  integer.  As 
shown  in  Fig.  3,  the  total  on-center  impurity  wave 
function  does  not  acquire  a  p-like  character. 

Figure  4  shows  the  energy,  with  respect  to  the 
first  conduction  subbond,  for  the  on-center  donor 
ground  Mate  aa  a  function  of  GaAs  slab  thickness 
for  four  alloy  compositions,  x= 0.1, 0.2,0. 3, 0.4.  For 
the  on-center  impurity,  the  energy  with  respect  to 
the  first  conduction  subband  versus  GaAs  slab 
thickness  presents  a  maximum  (in  absolute  value) 
whose  magnitude  depends  on  the  alloy  composition 
of  the  barrier  material.  Greater  Al  composition  in 
the  barrier  material  leads  to  larger  conduction-band 
offsets  and  therefore  more  complete  confinement 
at  the  donor  envelope  function.  Since  greater  con¬ 
finement  of  the  donor  state  leads  to  a  more  sharply 
peaked  wave  function  as  the  envelope  function 
builds  up  amplitude  around  the  impurity  ion,  the 
attractive  Coulomb  potential  is  more  effective  in 
binding  the  donor  state  when  the  Al  content  in  the 
G*i-«A1„  As  barrier  is  increased.  For  large  GaAs 


slab  thicknesses,  the  effect  of  the  alloy  composition 
x  or,  equivalently,  of  the  barrier  height  K0,  on  the 
on-center  donor  ground-state  energy  and  wave 
function  is  greatly  reduced  since  the  envelope  func¬ 
tion  is  strongly  localized  around  the  impurity  ion 
in  the  center  of  the  quantum  well  and  does  not  feel 
much  the  repulsive  barrier  potential. 

Figure  5  shows  the  energy,  with  respect  to  the 
first  conduction  subband,  for  the  on-center  low- 
lying  excited  states  of  even  parity  as  a  function  of 
GaAs  slab  thickness  for  four  alloy  compositions, 
x= 0.1, 0.2,0. 3, 0.4.  The  qualitative  dependence  of 
the  GaAs  slab  thickness  on  the  energy  with  respect 
to  the  first  conduction  subband  of  the  even-parity 
excited  states  is  similar,  though  not  as  important, 
to  that  of  the  ground  state  as  can  be  seen  by  com¬ 
paring  Figs.  4  and  3.  The  envelope  functions  cor¬ 
responding  to  these  excited  states  are  even  with 
respect  to  reflection  through  the  xy  plane  since 
these  are  made  up  from  states  derived  from  the 
first  conduction  subband. 

Figure  6  shows  the  on-edge  donor  ground-state 
'  envelope  function  through  the  Coulomb  center  and 
normal  to  the  interface  plane.  As  mentioned 


HO.  4.  Energy  of  the  on-center  donor  ground  state 
with  respect  to  the  first  conduction  subbend  u  a  func¬ 
tion  of  GaAs  slab  thickness  for  four  alloy  compositions, 
x  -0.1, 0.2,0. 3, 0.4,  of  Gat_,Al,As.  Calculations  are 
carried  through  using  seven  s-like  ellipsoidal  Gaussian- 
type  orbitals  as  defined  in  the  text. 


FIG.  3.  Energy  of  the  on-center  low-lying  excited 
states  of  even  parity  with  respect  to  the  first  conduction 
subband  as  a  function  of  GaAs  slab  thickness  for  four 
alloy  compositions,  x -0.1. 0.2.0.3,04.  of  Gai_.Al.As. 
Calculations  are  carried  through  using  seven  s-like  ellip¬ 
soidal  Gaussian-type  orbitals  as  defined  in  the  text. 
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FIG.  6.  On-edge  donor  ground-state  envelope  func¬ 
tion  plotted  along  the  exit  normal  to  the  interfaces  for 
different  GaAs  slab  thicknesses  and  four  alloy  composi¬ 
tions,  x— 0.1, 0.2,0. 3, 0.4,  of  G«i_,Al,As. 


above,  although  the  on-center  donor  wave  function 
is  entirely  r-like,  the  on-edge  wave  function 
develops  a  strong  /Mike  character.  The  /Mike  char¬ 
acter  of  the  on-edge  wave  function  increases  as  the 
height  of  the  conduction-band  offset  K0  increases. 

Figure  7  shows  the  energy,  with  respect  to  the 
first  conduction  subband,  of  the  on-edge  donor 
ground  state  as  a  function  of  the  GaAs  slab  thick¬ 
ness  for  four  alloy  compositions,  x»0. 1,0.2, 0.3, 0.4. 
The  on-edge  donor  energy  curve  presents  qualita¬ 
tively  the  same  features  as  the  on-center  donor  en¬ 
ergy  curve.  In  the  thin  GaAs  slab  limit,  the  ener¬ 
gy  curves  for  the  on-center  and  the  on-edge  donor 
are  very  similar.  In  the  thick  GaAs  slab  limit,  the 
on-edge  donor  is  less  tightly  bound  than  the  on- 
center  donor.  This  is  mainly  due  to  the  fact  that, 
as  the  impurity  ion  approaches  the  quantum  well 
edge,  the  donor  ground-state  envelope  function 
should  be  constructed  more  and  more  from  Bloch 
states  derived  from  the  Gt|  _M  Al,  As  conduction- 
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FIG.  7.  Energy  of  the  on-edge  donor  ground  state 
with  respect  to  the  first  conduction  subband  as  a  func¬ 
tion  of  GaAs  slab  thickness  for  four  alloy  compositions, 
x-0.i,0.2,0.3j0.4,  of  Ga,_,Al,As.  Calculations  are  car¬ 
ried  through  using  seven  J-like  and  seven  p-like  ellip¬ 
soidal  Gausatan-type  orbitals  as  defined  in  the  text.  The 
dashed  line  indicates  that  energy  with  respect  to  the  first 
conduction  subbend  in  the  large  GaAs  slab-thickness 
limit. 


band  edge.  These  states  lie  above  the  GaAs 
conduction-band  edge  by  an  energy  equal  to  the 
conduction-band  offset  between  GaAs  and 
G*i-«  Al*As.  As  the  on-edge  donor  ground-state 
envelope  function  includes  more  of  these  higher- 
energy  states,  the  on-edge  donor  ground  state  be¬ 
comes  more  shallow  than  the  on-center  donor 
ground  state.  Furthermore,  in  the  case  of  the  on- 
edge  center,  the  repulsive  barrier  potential  tends  to 
push  the  electronic  charge  distribution  away  from 
the  ionized  donor,  leading  to  a  reduced  Coulomb 
attraction.  For  the  on-edge  impurity,  the  results 
presented  here  using  finite  conduction-band  offsets 
are  qualitatively  similar  to  the  case  where  infinite 
conduction-band  offsets  are  assumed,”  thereby 
preventing  the  donor  envelope  function  from  leak¬ 
ing  out  of  the  quantum  well.  The  dashed  line  in 
Fig.  7  indicates  the  binding  energy  in  the  limit  of 
large  GaAs  slab.  The  boundary  conditions  on  the 
wave  function  at  the  interface  in  the  finite  conduc¬ 
tion-band  offset  case  gives  the  donor  envelope 
function  a  d-like  character  as  the  slope  of  the  wave 
function  is  vanishingly  small  on  the  donor  center. 
In  the  large  slab  limit,  the  /Mike  character  of  the 
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donor  envelope  function  is  less  important  for  the 
finite  conduction-band  offset  case  and  the  donor 
ground  state  mostly  consists  of  shifted  r-like  orbit¬ 
als. 


IV.  SUMMARY  AND  CONCLUSION 

We  have  calculated  the  energy  spectrum  of  shal¬ 
low  donor  states  in  GaAs-Ga|_xAlxAs  quantum 
well  structures  using  the  effective-mass  approxima¬ 
tion  scheme  The  variation  in  energy  with  respect 
to  the  first  conduction  subband  of  the  donor 
ground  state  and  the  low-lying  excited  states  was 
studied  as  a  function  of  the  central  GaAs  slab 
thickness,  the  position  of  the  impurity  atom  within 
the  GaAs  slab  and  the  alloy  composition  x  of 
Gs|_xAlxAs.  Calculations  were  done  for  four  al¬ 
loy  compositions  of  G«|_,Al,As  in  a  range  in 
which  the  alloy  remains  direct  (x  <0.45).  Realis¬ 
tic  values  for  conduction-band  offsets  of  finite 
magnitude  were  used.  The  effect  of  the  impurity 
position  on  the  binding  energy  of  the  donor  state 
was  investigated  in  the  two  limit  cases  where  the 
impurity  ion  was  at  the  center  of  the  quantum  well 
(on-center  impurity)  and  at  the  edge  of  the  quan¬ 
tum  well  (on-edge  impurity). 

In  the  case  of  both  the  on-center  and  the  on-edge 
impurities,  the  energy  with  respect  to  the  first  con¬ 
duction  subband  versus  slab  thickness  presents  a 
maximum  (in  absolute  value)  corresponding  to  a 
maximum  confinement  of  the  donor-state  envelope 
wave  function.  In  the  case  of  the  on-edge  impuri¬ 
ty,  the  donor  ground  state  is  not  as  tightly  bound 


as  the  on-center  ground  state.  The  reduction  in  the 
binding  for  the  on-edge  impurity  is  a  direct  conse¬ 
quence  of  the  repulsive  interface  potential  which 
tends  to  push  the  electronic  charge  distribution 
away  from  the  Coulomb  center. 

For  both  the  on-center  and  the  on-center  impuri¬ 
ty,  it  was  found  that  the  energy  spectrum  of  the 
donor  ground  state  and  the  low-lying  excited  states 
is  considerably  modified  as  the  thickness  of  the 
GaAs  slab  containing  the  impurity  was  varied. 

This  variation  in  binding  energy  should  be  easily 
observed  experimentally  since  molecular-beam  epi¬ 
taxy  techniques27  now  allow  for  the  fabrication  of 
superlattices  consisting  of  alternating  slabs  of  few 
monolayers  of  GaAs-Ga,_xAlxAs.  It  seems  possi¬ 
ble  to  adjust  the  binding  of  a  Coulomb  center  in  a 
superlattice  by  varying  the  thickness  of  the  slab 
containing  the  impurity  center. 
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We  present  the  results  of  a  study  of  the  energy  spectrum  of  the  ground  state  for  shallow  donors  in 
quantum  well  structures,  consisting  of  a  single  slab  of  GaAs  sandwiched  between  two  semi* 
infinite  layers  of  Ga,  _  ,  Al,  As.  The  effect  of  the  position  of  the  impurity  atom  within  the  central 
GaAs  slab  is  investigated  for  different  slab  thkkniaacs  and  alloy  compositions.  T wo  limiting  cases 
are  presented:  One  in  which  the  impurity  atom  is  located  at  the  center  of  the  quantum  well  (on- 
center  impurity),  the  other  in  which  the  impurity  atom  is  located  at  the  edge  of  the  quantum  well 
(on-edge  impurity).  Both  the  on-center  and  the  on-edge  donor  ground  state  are  bound  for  all 
values  of  GaAs  slab  thicknesses  and  alloy  compositions.  The  alloy  composition  x  is  varied 
between  0.1  and  0.4.  In  this  composition  range,  Ga, _„Al,As  is  direct  and  the  single-valley 
effective  mass  theory  is  a  valid  technique  for  treating  shallow  donor  states.  Calculations  are 
carried  out  in  the  case  of  finite  potential  barriers  determined  by  realistic  conduction  band  offsets. 

PACS  numbers:  73.40.Lq.  71.25Jd,  71.55.Ht 


L  INTRODUCTION 

The  unique  nature  of  electronic  states  associated  with  semi¬ 
conductor  superiattices  has  been  the  subject  of  a  great  deal  of 
interest  both  from  the  theoretical1-*  and  experimental7'10 
viewpoints.  In  view  of  the  potential  applications  of  these 
structures, 11-14  the  understanding  of  impurity  states  found 
within  these  systems  is  an  issue  of  technical  as  well  as  soenti- 

In  this  paper,  we  report  on  a  study  of  the  energy  spectrum 
of  shallow  donor  states  in  a  single  GaA»-Ga,_,AlxAs 
quantum  well,  Le.,  a  structure  formed  by  a  central  GaAs  slab 
(well  material)  flanked  by  two  semi-infinite  Ga,_,Al„As 
layers  (barrier  material).  The  energy  spectrum  of  a  donor 
state  located  within  the  GaAs  slab  is  studied  as  a  function  of 
the  width  of  the  rectangular  potential  well  formed  by  the 
conduction  band  offset  at  the  GaAs-Ga,  _  ,  AJ,  As  interface. 
The  effect  of  the  alloy  composition  x  in  the  barrier  material, 
as  well  aa  the  position  of  the  donor  atom  within  the  well,  are 
also  investigated  Two  positions  of  the  donor  were  studied: 
(1)  donor  ion  at  the  center  of  the  quantum  well  (on-center 
impurity)  and  (2)  donor  ion  on  the  edge  of  the  quantum  well 
boundary  (on-edge  impurity).  We  find  that  the  donor  energy 
spectrum,  both  for  the  on-center  and  the  on-edge  impurity, 
is  considerably  modified  as  the  dimension  of  the  quantum 
well  is  varied.  Both  the  on-center  and  the  on-edge  donor 
energies,  with  respect  to  the  first  conduction  subband  versus 
GaAs  slab  thickness,  present  a  maximum  (in  absolute  value) 
whose  magnitude  depends  on  the  alloy  composition.  The  on- 
edge  impurity,  produces  a  more  shallow  donor  ground  state 
than  the  on-center  impurity.  This  reduction  ofbindinj  if  the 
on-edge  donor  ground  state  results  frr  the  fact  j.  the 
repulsive  barrier  potential  tends  to  j.  „  he  .  ectrouic 
charge  distribution  away  from  the  attract!-  /mixed  cento, 
thereby  leading  to  a  reduced  effective  Coulomb  attraction. 
This  finding  ia  in  accord  with  previous  calculations  carried 
in  the  case  of  infinite  confining  potential. 13 


In  Sec.  II,  we  present  the  calculation  techniques.  We  dis¬ 
cuss  first  the  effective  mass  Hamiltonian  used  for  treating 
the  shallow  states  and  its  validity,  then  we  describe  the  basis 
orbitals  on  which  the  donor  state  is  expanded.  In  Sec.  IH,  the 
main  results  are  presented.  Fust,  we  discuss  the  energy  spec¬ 
trum  for  the  on-center  impurity,  then  we  treat  the  case  of  the 
on-edge  impurity.  A  comparison  is  made  between  these  two 
limiting  cases  A  summary  of  the  results  and  a  conclusion  are 
presented  in  Sec.  IV. 


II.  CALCULATIONAL  METHOD 

Calculations  are  based  on  the  effective  mass  approxima¬ 
tion  (EMA).  The  GaAs-Ga,  Al„  As  system  was  chosen 
since  the  EMA  is  known  to  hold  to  a  high  degree  of  accuracy 
for  shallow  donor  states  in  GaAs.16  As  shown  by  Ando  and 
Mori,17  the  boundary  conditions  that  the  donor  envelope 
function  and  the  particle  current  are  continuous  across  the 
interface  are  adequate  in  the  case  of  GaAs-Ga,  _x  AlxAs 
quantum  well  structures. 

The  composition  of  the  Ga,  Alx  As  alloy  was  varied  in 
the  range  where  the  alloy  remains  direct,  so  that  the  single- 
valley  effective  mass  theory  still  holds.  Realistic  conduction 
band  ofikets  of  finite  magnitude  were  used,  thereby  allowing 
the  wave  function  to  penetrate  into  the  barrier  material  as 
the  dimensions  of  the  confining  quantum  well  are  reduced. 
The  use  of  finite  conduction  band  offiwts  has  a  large  effect  on 
the  binding  energy  of  the  donor  state  in  the  thin  GaAs  slab 
limit  and  should  be  compared  with  approximate  calcula¬ 
tions  carried  out  using  infinitely  high  barrier  height  (quan¬ 
tum  box),1*-19  in  which  case  the  donor  wave  function  is  re¬ 
quired  to  vanish  at  the  interface.  When  finite  conduction 
band  oflkets  are  taken  into  account,  the  condition  that  the 
wave  frmctkm  vanishes  at  the  interface  is  relaxed  and  pene¬ 
tration  in  the  barrier  material  is  allowed.  The  infinite  barrier 
case  should  be  viewed  as  a  limiting  case  valid  only  for  very 
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wide  quantum  wells  for  which  the  penetration  of  the  donor 
state  into  the  barrier  material  is  small. 

The  effective  mass  Hamiltonian  corresponding  to  a  Cou¬ 
lomb  center  located  at  a  distance  c  from  the  center  of  a  finite 
quantum  well  of  width  la  along  the  1  direction  (the  2  axis  is 
normal  to  the  interface  plane)  and  height  F0  (see  Fig.  1  for 
geometry)  is 

#(1)  -  +  F,(r).  in  region  (1), 

2 mf 

H( 2)  -  -~-V2  +  FJr)  +  F*  in  region  (2). 

2mJ 

B\ 3)  -  -f^-V2  +  K,(r)  +  Ko.  in  region  (3), 

2mf 


(!•) 

(lb) 

(lc) 


where  m;  refers  to  the  bulk  OaAs  (well  material)  effective 
mass  and  mf  refers  to  the  interpolated  effective  mass  in 
G*i  -,A1,Aj  (barrier  material).  The  origin  of  the  coordi¬ 
nates  is  taken  on  the  ionized  donor.  Since  the  bulk  dielectric 
constants  of  OaAs  and  Ga,  ..Al.As.e,  and  eif  respectively, 
differ  slightly,  the  Hamiltonian  must  include  terms  due  to 
electrostatic  image  charges. 2431  The  potentials  F,(r),  Fj(r), 
and  Fj(r)  represent  the  Coulomb  interaction  between  tire 
electron  and  the  impurity  ion  as  well  as  the  ion  image  charge. 
The  expressions  for  the  electron-ion  potential  [  F(  (r)J  will  be 
given  elsewhere.” 

The  conduction  band  oAet  F„  was  taken  to  be  85%  of  the 
difference  of  the  k * 0  band  gaps  of  OaAs  and 
0*i-<Al,As.u  Since  the  alloy  composition  range  studied 
was  such  that  the  alloy  was  direct  (a  <  0.45), 23  both  the  effec¬ 
tive  mass  mf  and  the  conduction  band  offset  F0  were  deter¬ 
mined  using  the  k  —  0  values  of  Ga,  _  ..Al,  As23 


mf  m  0.067  m* 

mf  -  (0.067  +  0.083x)m0, 

«,  -  13. Uo, 

e1-(13.1(l-z)+10.Uleo. 

F,-1.06*eV. 


(2a) 

(2b) 

(2c) 

(2d) 

(2e) 


where  m®  and  e0  are  the  free  electron  mass  and  the  vacuum 
static  dielectric  constant,  respectively. 

To  calculate  energies  with  respect  to  the  first  conduction 
subband,  we  must  solve  for  the  Hamiltonian  in  Eqs.  (1)  with¬ 
out  the  impurity  potentials  F,(r),  F2(r),  and  F3(r).  Letting  ff0 
be  the  Hamiltonian  without  the  impurity  potential,  the  ener¬ 
gies  (F)  of  the  Coulomb  states  with  respect  to  the  first  con¬ 
duction  subband  edge  are  given  by  the  difference  between 
the  donor  energy  E(H),  and  the  subband  energy 

Calculations  were  carried  out  using  a  variational  method. 
To  preserve  the  cylindrical  geometry  of  the  system,  the  trial 
basis  orbitals  on  which  the  donor  state  envelope  function  is 
expanded  is  of  the  form  of  Gaussian-type  orbitals  (GTO’s), 
defined  in  an  ellipsoidal  coordinate  system  and  shifted  with 
respect  to  the  ionized  donor  taken  to  be  at  the  origin 


Y  N,(i *J)WA)"] 

i- Tu 


(3) 


where  r{> 14,)' +/  +>1^- d,)2]1'2,  and  N\nJ)  is  a 
normalization  constant.  The  index  i  **  1,2,3  labels  the  region 
of  space  where  the  GTO  orbital  is  defined.  The  boundary 
conditions  that  both  the  wave  function  and  the  particle  cur¬ 
rent  are  continuous  across  the  interface24  determine  rela¬ 
tions  between  the  normalization  constants  Af,(n,/)  and  the 
orbital  exponents  £,(nj)  in  the  barrier  material  (<  =  2,3)  in 
terms  of  those  in  the  well  material  (<  =  1).  To  produce  an 
accurate  description  of  the  donor  envelope  wave  function,  a 
shape  parameter  {A ),  as  well  as  a  shift  parameter  (</,),  were 
incorporate  in  the  variational  basis  set  { |n/m> }.  The  shape 
parameter  A.  determines  the  compression  of  the  envelope 
function  along  the  quantum  well  axis  (2).  The  shift  parameter 
d,  determines  the  location  of  the  electron  charge  distribution 
when  the  impurity  ion  is  moved  towards  the  quantum  well 
edge.  In  the  calculation  presented  here,  we  chose:  (1)  d,mO 
in  the  case  of  the  on-center  impurity  and  (2)  </o#0  for  /  =  0 
and  d,  *  0  for  /  #0  in  the  case  of  the  on-edge  impurity.  The 
GTO  orbital  exponents  f  ,(n,/)  appearing  in  the  Eq.  (3)  are 
fixed  and  taken  to  be  of  the  form  (in  atomic  Rydberg  units25) 
£,(«,/)  *  ?o/b("K/  +  1),  with  A  (n)  =  { 1,2,4,8,16,32, 1/2 1  and 
Co  *  8/(9ir)  bohr-2.  The  donor  envelope  function  |  V  >  is  ex¬ 
panded  on  the  set  of  basis  orbitals]  |n/m) )  defined  in  Eq.  (3). 
We  then  solve  the  EMA  Schrddinger  equation  for  the  donor 
envelope  function 


(4) 


tf|*>-£(tf)|!P>, 

A 

for  the  etfenenergy  E[H). 

Calculations  were  carried  out  using  seven  r-like  (/  =  0)and 
seven />•  like  (/  =  lJGTO’s.  In  the  case  of  the  on-center  impu¬ 
rity  (c  a  0),  the  Hamiltonian  in  Eqs.  (1)  mixes  only  orbitals 
whose  angular  momentum  /  differ  by  an  even  integer.  For 
the  on-center  impurity,  only  r-like  GTO’s  were  included  in 
the  expansion  of  the  donor  wave  function.  However,  for  the 
on-edge  impurity  (c  a  a),  the  mixing  between  s-  and  p-like 
orbitals  becomes  appreciable  and  must  be  included  to  pro¬ 
vide  an  accurate  description  of  tire  neutral  donor.  The  calcu¬ 
lation  of  the  subband  energy  E  (/f0)  was  carried  through  us¬ 
ing  only  r-like  GTO’s.  For  each  value  of  GaAs  slab  thickness 
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(2a),  impurity  position  (c),  and  barrier  height  V&  the  shape 
parameter  X,  as  well  as  the  shift  parameter  d,  were  deter¬ 
mined  by  mmimiTing  the  energy  expectation  value  in  the 
ground  state  £<£14,). 

This  shifted  ellipsoidal  Gaussian  set  has  the  advantage  of 
reproducing  l**vl",t'ly  well  thg  fYmlomh  center  st  both  the 
small  (a — >0)  and  the  large  («— ►« )  slab  thickness  limit  where 
the  binding  energy  reduces,  in  the  case  of  the  on-center  do¬ 
nor,  to  that  of  the  barrier  material  or  the  well  material  bulk 
values,  respectively.  At  the  same  time,  it  retains  the  nons- 
pherical  character  of  the  problem  and  allows  the  basis  orbi¬ 
tals  to  reshape  themselves  in  order  to  minimize  the  total 
energy.  The  inclusion  of  a  shift  parameter  d,  in  the  variation¬ 
al  basis  set  allows  the  electronic  charge  distribution  associat¬ 
ed  with  the  donor  ground  state  envelope  function  to  be  shift¬ 
ed  away  from  the  position  of  the  impurity  ion.  This  degree  of 
freedom  appears  to  be  most  important  in  the  case  of  the  on- 
edge  donor  where  the  Coulomb  potential  tends  to  pull  the 
charge  distribution  towards  the  ionized  center,  whereas  the 
repulsive  barrier  potential  tends  to  push  it  away  from  the 
ionized  center. 


III.  RESULTS 

We  first  treat  the  results  obtained  for  the  on-center  impu¬ 
rity  case  (c  ~  0).  Then  we  treat  the  on-edge  impurity  case 
|c  —  a).  Comparisons  are  made  between  these  two  limiting 
cases  for  the  donor  ground  state. 

Figure  2  shows  the  energy,  with  respect  to  the  first  con¬ 
duction  subband,  for  the  on-center  donor  ground  state  as  a 
function  of  GaAs  slab  thickness  for  four  alloy  compositions 
x  =  0.1, 0.2,0. 3,0.4.  For  the  on-center  impurity,  the  energy 
with  respect  to  the  first  conduction  subband  versus  GaAs 
slab  thickness  presents  a  maximum  (in  absolute  value)  whose 
magnitude  depends  on  the  alloy  composition  of  the  barrier 
material.  Greater  A1  composition  in  the  barrier  material 
leads  to  larger  conduction  band  offsets  and  therefore  more 
complete  confinement  of  the  donor  envelope  function.  Since 
greater  confinement  of  the  donor  state  leads  to  a  more  sharp¬ 
ly  peaked  wave  function  as  the  envelope  function  builds  up 
amplitude  around  the  impurity  ion,  the  attractive  Coulomb 
potential  is  more  effective  in  binding  the  donor  state  when 
the  A1  content  in  the  Ga,  _,AlzAs  barrier  is  increased.  For 
large  GaAs  slab  thicknesses,  the  effect  of  the  alloy  composi¬ 
tion  x  or,  equivalently,  of  the  barrier  height  Vg,  on  the  on- 
center  donor  ground  state  energy  and  wave  function  is  great¬ 
ly  reduced  since  the  envelope  function  is  strongly  localized 
around  the  impurity  ion  in  the  center  of  the  quantum  well 
and  does  not  feel  much  the  repulsive  barrier  potential. 

Figure  3  shows  the  energy,  with  respect  to  the  first  con¬ 
duction  subband,  of  the  on-edge  donor  ground  state  as  a 
function  of  the  GaAs  slab  thickness  for  four  alloy  composi¬ 
tions  x  *  0. 1,0.2,0.3,0.4.  The  on-edge  donor  energy  curve 
presents  qualitatively  the  same  features  as  the  on-center  do¬ 
nor  energy  curve.  In  the  thin  GaAs  slab  limit,  the  energy 
curves  for  the  on -center  and  the  on-edge  donor  are  very  simi¬ 
lar.  In  the  thick  GaAs  slab  limit,  the  on-edge  donor  is  less 
tightly  bound  than  the  on-center  donor.  This  is  mainly  due 
to  the  fact  that,  as  the  impurity  ion  approaches  the  quantum 


FlO.  2-  Energy  of  the  on-center  donor  ground  state  with  reaped  to  the  fast 
conduction  subhand  as  a  function  of  GaAs  slab  thickness  for  four  alloy 
compositions  »«H  1,02,0.3, 0.4,  of  Ga,  _ ,  Al,  As.  Calculations  ate  earned 
through  using  seven  J-like  ellipsoidal  Gausatan-type  orbitals,  as  defined  in 
the  text 

well  edge,  the  donor  ground  state  envelope  function  should 
be  constructed  more  and  more  from  Bloch  states  derived 
from  the  Ga,  _*A1,  As  conduction  band  edge.  These  states 
lie  above  the  GaAs  conduction  band  edge  by  an  energy  equal 
to  the  conduction  band  offset  between  GaAs  and 
Ga,  _  ,  Al,  As.  As  the  on-edge  donor  ground  state  envelope 
function  includes  more  of  these  higher  energy  states,  the  on- 
edge  donor  ground  state  becomes. more  shallow  than  the  on- 
center  donor  ground  state.  Furthermore,  in  the  case  of  the 
on-edge  center,  the  repulsive  barrier  potential  tends  to  push 
the  electronic  charge  distribution  away  from  the  ionized  do¬ 
nor,  leading  to  a  reduced  Coulomb  attraction.  For  the  on- 
edge  impurity,  the  results  presented  here  using  finite  con¬ 
duction  band  offsets  are  qualitatively  similar  to  the  case 
where  infinite  band  offsets  are  assumed,15  thereby  prevent¬ 
ing  the  donor  envelope  function  from  leaking  out  of  the 
quantum  well.  The  dashed  line  in  Fig.  3  indicates  the  energy 
with  respect  to  the  first  conduction  subband  in  the  limit  of 
large  GaAs  slab.  The  boundary  conditions  on  the  wave  func¬ 
tion  at  the  interface  for  the  finite  conduction  band  ofiset  case 
gives  the  donor  envelope  function  a  d-like  character  as  the 
slope  of  the  wave  function  is  vanishingly  small  on  the  donor 
center.  In  the  large  slab  limit,  the  p-like  character  of  the 
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Fio.  3.  Energy  of  the  on-edge  donor  ground  stale  with  respect  to  the  8m 
conduction  subhand  as  a  function  of  OsAs  slab  thickacm  for  (bur  alloy 
compos  boos* -0.1, 0.2.0. 3,0.*.  of  Os,  _„Ai,As.  Calculations  are  carried 
through  uaiag  seven  j-like  and  seven  p-like  eUipsoidal  Oausaian-typc  orbi¬ 
tals,  as  dadoed  in  the  text  The  dashed  line  indicates  the  energy  with  respect 
to  the  fnt  conduction  subband  in  the  large  GaAl  slab  thickness  limit. 


donor  envelope  function  is  less  important  and  the  donor 
ground  state  mostly  consists  of  shifted  s-like  orbitals. 

IV.  SUMMARY  AND  CONCLUSION 

We  have  calculated  the  energy  spectrum  of  shallow  donor 
states  in  GaAs-Ga,  _  „  Al„  As  quantum  well  structures  using 
the  effective  mass  approximation  scheme.  The  variation  in 
energy  with  respect  to  the  first  conduction  subband  of  the 
donor  ground  state  was  studied  u  s  function  of  the  central 
GaAs  slab  thickness,  the  position  of  the  impurity  atom  with¬ 
in  the  GaAs  slab  and  the  alloy  composition  *  of 
GS|  _,Al,As.  Calculations  were  done  for  four  alloy  compo¬ 
sitions  of  Ga,  _  x  Al„  As  in  a  range  in  which  the  alloy  remains 
direct  (x  <  0.43).  Realistic  values  for  conduction  band  offsets 
of  finite  magnitude  were  used.  The  effect  of  the  impurity 
position  on  the  binding  energy  of  the  donor  state  was  investi¬ 
gated  in  the  two  limit  cases  where  the  impurity  ion  was  at  the 
center  of  the  quantum  well  foil-center  impurity)  and  at  the 
edge  of  the  quantum  well  (on-edge  impurity). 

In  the  case  of  both  the  on-center  and  the  on-edge  impuri¬ 
ties,  die  energy  with  respect  to  the  first  conduction  subband 
versus  slab  thickness  presents  s  maximum  (in  absolute  value) 
corresponding  to  s  maximum  confinement  of  the  donor  state* 
envelope  wave  function.  In  the  case  of  the  on-edge  impurity, 
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the  donor  ground  state  is  not  as  tighdy  bound  as  the  on- 
center  ground  state.  The  reduction  in  the  binding  for  the  on- 
edge  impurity  is  a  direct  consequence  of  the  repulsive  inter¬ 
face  potential  which  tends  to  push  the  electronic  charge 
distribution  away  from  the  Coulomb  center. 

For  both  the  on-center  and  the  on-edge  impurity,  it  was 
found  that  the  energy  spectrum  of  the  donor  ground  state  is 
considerably  modified  as  the  thickness  of  the  GaAs  slab  con¬ 
taining  the  impurity  was  varied.  This  variation  in  binding 
energy  should  be  easily  observed  experimentally,  since  mo¬ 
lecular-beam  epitaxy  (MBE)  techniques26  now  allow  for  the 
fabrication  of  superlattices  consisting  of  alternating  slabs  of 
few  monolayers  of  GaAs-Ga,  _  x  Al,  As.  It  seems  possible  to 
adjust  the  binding  of  a  Coulomb  center  in  a  superlattice  by 
varying  the  thickness  of  the  slab  containing  the  impurity 
center. 
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We  present  a  study  of  the  transport  characteristics  of  electrons  through  abrupt 
GaAs-Ga,  _  *  Al,  As-GaAs(  100)  double  heterojunctions.  The  theoretical  apparatus  uses 
complex-k-band  structures  in  the  tight-binding  approximation  and  transfer  matrices.  States  on 
each  side  of  the  Ga,  _  ,  Al,  As  central  barrier  are  expanded  in  terms  of  a  complex-k-bulk  state 
basis  so  as  to  provide  a  description  of  the  wave  function  at  the  GaAs-Ga,  _  *  Al,  As(  100)  interface. 

We  treat  the  case  where  the  incoming  state  in  GaAs  is  derived  from  near  the  conduction  band  f 
point  Transmission  through  the  Ga,  _,Al„As  barrier  is  either  tunneling  or  propagating 
depending  on  the  nature  of  the  Bloch  states  available  for  strong  coupling  in  the  alloy.  States 
derived  from  the  same  extremum  of  the  conduction  band  appear  to  couple  strongly  to  each  other 
across  the  GaAa-Ga,  _„Al„As  interface.  Transport  characteristics  of  incoming  states  derived 
from  near  the  conduction  band  T' point  are  examined  as  a  function  of  the  energy  of  the  incoming 
state,  thickness  of  the  Ga,  _  ,  Al,  As  barrier,  and  alloy  composition  x.  Transmission  through  the 
Ga,  _,Al,As  barrier  is  either  tunneling  or  propagating,  depending  on  the  nature  of  the  Bloch 
states  available  for  strong  coupling  in  the  alloy. 

PACS  numbers:  73.40.Gk,  73.40.Lq 

I.  INTRODUCTION 

The  introduction  of  new  device  fabrication  technologies  has 
allowed  the  realization  of  planar  electronic  devices  in  which 
the  dhnensic  i  perpendicular  to  the  growth  plane  is  of  the 
order  of  a  few  lattice  spacings.  The  understanding  of  electron 
states  at  semiconductor  interfaces  is  of  great  importance  re¬ 
garding  the  performance  of  these  very  small-scale  electronic 
devices.  The  work  presented  here  is  concerned  with  the 
transport  of  electrons  through  a  GaAs-Ga,  Al,  As  - 
GaAsIlOO)  double  heterojunction  structure  (DHS). 

The  mode  of  transport  in  these  structures  is  either  tunnel¬ 
ing  (energy  less  than  the  potential  barrier  height)  or  propa¬ 
gating  (energy  greater  than  the  potential  barrier  height).  In 
the  former,  the  Bloch  states  available  for  transmission  in  the 
Ga, ..  M  Al,  As  are  evanescent  and  the  wave  vector  k  is  com¬ 
plex.  In  the  latter,  the  Bloch  states  available  for  transmission 
in  the  alloy  are  propagating  and  the  wave  vector  k  takes  on 
real  values. 

The  theoretical  framework  exploits  the  bulk  properties  of 
the  constituent  semiconductors  forming  the  DHS.  The 
transport  of  electrons  through  a  region  of  space  in  which  the 
energy  of  the  electron  is  such  that  free  propagation  is  not 
allowed  is  best  described  in  terms  of  the  compiex-k-bulk 
band  structure.  The  breakdown  of  translational  invariance 
induced  by  the  interface  implies  a  new  set  of  boundary  condi¬ 
tions  that  do  not  exclude  the  component  of  the  wave  vector  k 
normal  to  the  interface  to  take  on  complex  values.  The  bulk 
Bloch  states  associated  with  complex  k  provide  then  a  suit¬ 
able  basis  for  a  full  description  of  the  wave  function.  The 
problem  of  calculating  the  transport  coefficients  of  Bloch 
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states  at  an  abrupt  interface  using  complex-k-band  struc¬ 
ture,  cast  in  a  tight-binding  band  calculation  scheme,  has 
been  addressed  in  the  past  1-4  It  is  only  recently  that  an  expe¬ 
dient  method,  applicable  to  tight-binding,  peeudopotential, 
and  k*p  band  calculation  formalisms,  has  been  devised  to 
reduce  the  problem  of  calculating  the  complex-k-band  struc¬ 
ture  to  that  of  an  associated  eigenvalue  problem.5-6 

The  paper  is  organized  as  follows:  In  Sec.  II,  the  basic 
ingredients  of  the  technique  used  to  calculate  the  transport 
coefficients  are  presented.  The  major  results  are  discussed  in 
Sec.  III.  A  summary  and  conclusions  are  given  in  Sec.  IV. 

II.  CALCULATIONAL  METHOD 

The  system  studied  consists  of  a  barrier  of  Ga,  _ ,  Al,  As 
located  between  two  semi-infinite  layers  of  GaAs.  Figure  1 
illustrates  the  system  studied.  An  electron  incoming  from 
bulk  region  I  (GaAs)  at  an  energy  E,  above  the  GaAs  con¬ 
duction  band  minimum,  is  scattered  at  the  boundaries  of  the 
barrier  region  II  (Ga,  _  „  Al,  As)  and  is  finally  transmitted  in 
another  bulk  region  III  (GaAs).  The  /"-point  conduction 
band  potential  barrier  at  the  interface,  AEr,  is  taken  to  be  a 
fraction  of  the  difference  in  the  /'-point  band  gaps  between 
GaAs  and  Ga, _,AlxAs.  Depending  on  whether  we  de¬ 
scribe  the  total  wave  function  in  a  bulk  region  or  a  bamer 
region,  different  representations  are  used  accordingly.  We 
now  discuss  these  two  representations. 

Systems  which  exhibit  two-dimensional  periodicity  are 
best  described  in  a  planar  orbital  representation.’’ 10  A 
planar  orbital  is  a  two-dimensional  Bloch  sum  consisting  of 
localized  atomic  functions.  Let  2  be  the  direction  normal  to 
the  interface  and  k,  -  ikx  +  fk,  be  the  two-dimensional 
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Fig.  1.  Energy  band  dugram  of  OaAs-Om,  Al,As-OaAs  DHSandcor- 
rapondim  phyncsj  juncture.  The  electron  u  derived  from  the  GaAs  f 
point  end  he*  a  total  energy  E  m  rani  rod  with  taped  to  the  OaAa  /"-point 
conduction  bend  minimum.  The  /"-point  conduction  band  oftet  i»  indicat- 
ed  by  AEr.  The  thkkneM  of  the  Oa,  _  .Al.Ai  barrier  it  d. 


wave  vector  parallel  to  the  interface.  Let  4a  (kn  ;erj  designate 
the  planar  orbital  corresponding  to  a  given  atomic  orbital 
type  a  within  the  layer  a.  The  Bloch  states  flk^  JcM),  labeled 
by  the  wave  vector  k  *  k,  -f  ikt,  are  expanded  in  terms  of 
this  set  of  planar  orbitals  {da(kn;tr)j.  For  interface  systems, 
kz  is  complex  in  general. 

Where  the  total  Hamiltonian  is  bulklike,  the  wave  func¬ 
tion  is  expanded  in  a  set  of  bulk  Bloch  states  (t^kj  ,*,)).  On 
each  sides  of  an  interface  connecting  two  bulklike  regions, 
the  wave  function  is  described  in  a  planar  orbital  representa¬ 
tion  { <fia  (kn  ;<7)  j ,  and  transfered  across  the  interface  using  a 
transfer  matrix.  The  connection  between  the  bulk  Bloch 
states  representation  j  tflk,  Ji,)\ and  the  planar  orbital  repre¬ 
sentation,  {4<,(kn  ;<7)|  is  described  in  Ref.  6  and  will  not  be 
repeated  here. 

The  total  number  IV  of  Bloch  states  1^  ,kA )  with  k,  =  kA 
{A  —  1 ... . )  corresponding  to  a  given  parallel  wave  vector  k3 
and  energy  E  depends  on  the  particular  tight-binding  model 
used  and  on  the  orientation  of  the  interface  plane.  More  spe¬ 
cifically,  the  total  number  of  Bloch  states  dfkn  ,kA )  with  real 
or  complex  wave  vector  kA  is  equal  to  the  product  of  the 
number  of  atomic  orbitals  per  atom  times  the  number  of 
layers  interacting  with  a  given  layer.1  In  the  tight-binding 
representation  used  here,  we  have  five  orbitals  per  atom 
{s*j,pM,p,,p,)"  and  only  first  nearest-neighbor  interac¬ 
tions  were  included.  There  are,  therefore,  ten  Bloch  states 
(IV  —  10)  for  each  parallel  wave  vector  kn  and  total  energy  E. 
Half  of  the  states  have  to  be  discarded  because  they  either 


grow  away  from  the  interface,  if  Im (k,|  does  not  have  the 
proper  sign,  or  are  propagating  in  the  wrong  direction  when 
k,  is  real. 

Let  the  incoming  Bloch  state  t^(kH  Jc^i  with  real  wave  vec¬ 
tor  ko  be  incident  from  the  left  in  GaAs  onto  the 
GaAs-Ga,  _  ,  Al„  As  interface.  The  total  wave  function  on  a 
given  layer  a  can  be  written  as1 

*(k„  JS;a)  =  k„  Jk^(j\ 

+  £  A  'kjfkfl  £  Jcx  ;<r),  in  region/,  (la) 

♦(k,, ,£»  -  ££;,//l(k#,£»da(k„ ;<rl,  in  region  II,  (lb) 

a 

♦(k,  £;<t)  -  T  A  '/"'(k,  £  Mkg  ,kx  ;<r),  in  region  III.  (lc) 
*1 

At  fixed  energy  E  and  parallel  wave  vector  kg ,  we  denote 
by  Rx  (k,  Jl  )  and  Tx  (kn  JZ )  the  kt  -resolved  reflection  and 
transmission  coefficients  corresponding  to  the  Bloch  state 
dfk,  JcA ).  The  total  transport  coefficients  R  (ku  JE )  and 
7*(kg,£)  are  just  the  sum  of  the  transport  coefficients 
RjtkgtC)  and  r^k,,^).  Flux  conservation  requires 

*(k,^)+r(k,^)-l. 

As  shown  in  Ref.  1,  the  transmission  coefficient  for  the 
Bloch  state  dfkn  ,kA )  vanishes  when  the  wave  vector  of  the 
incoming  Bloch  state  k^  approaches  a  critical  point  such  that 
[dE  (k Vdk,  ]  ^  =  C.  In  that  case,  the  incoming  state  is 
identical  with  the  reflected  state.  At  this  critical  point,  the 
incoming  state  ^k„  Ji0)  carries  no  momentum  across  the  in¬ 
terface  and  does  not  couple  to  any  Bloch  states  in 
Ga,  Al,  As.  Therefore,  transmission  starts  to  occur  as  the 
incident  wave  vector  moves  away  from  the  critical  point 

The  transport  states  originate  in  the  complex-k-band 
structure  of  GaAs  and  Ga,  _  ,  Alx  As.  The  complex-k-band 
structure  for  GaAs  and  AIAs  is  well  known.1'12  We  have 
used  similar  techniques  to  obtain  the  complex-k-band  struc¬ 
ture  for  Ga,  _  ,  Al„  As  within  the  virtual  crystal  approxima¬ 
tion.  Within  the  ten-band  tight-binding  description  used 
here,  the  GaAs  r -point  conduction  band  minimum  is  at  an 
energy  1.51  eV  above  the  GaAs  /* -point  valence 

band  maximum,  and  the  GaAs  AT-point  conduction  band 
valley  is  at  an  energy  £?•**=; 0.52  eV  above  the  GaAs  /"- 
point  conduction  band  minimum. 

We  denote  the  bulk  states  with  kt  =  kA  in  spatial  region  p. 
by  tWk„  ,k  5 ).  In  the  discussion  that  follows,  the  incident 
Bloch  state  is  derived  from  near  the  GaAs  conduction  band 
r  point  with  real  wave  vector  k0mk'r,  e.g., 
#k„  ,ko)»0(kl|  ,k  'r).  The  kt  values  of  interest  are  those  near 
the  conduction  band  extrema  T  ( ,> )  and  X  {kx  (.  In  the  ener¬ 
gy  range  between  the  bottom  of  the  GaAs  conduction  band 
and  the  GaAs  AT-point  valley,  k  \  is  real  and  k'x  is  complex 
such  that  ^k„  ,k  'r)  has  a  traveling  character  and  tfl(k.;  ,k  x) 
has  an  evanescent  character.  However,  in  the  energy  range 
above  the  AT-point  valley,  both  k  and  k  'x  are  real  such  that 
t^k,,  ,klr)  and  $k„,ki)  have  triveling  character.  Similar 
considerations  apply  to  the  Bloch  states  available  for  trans¬ 
port  in  the  alloy  Ga,  _ ,  Al,  As. 

For  an  alloy  composition  x  <0.45,13  Ga,  _ *  Al„ As  is  di- 


fii  Mnoii  MUPi  mu  lunmwig  nv  wNpon 


red  and  £  J!*'  *  *AI'A*  <  £  J*’  ~  'AJ*Al  in  this  competition 
range.  Throughout  the  calculations,  the  conduction  band 
offset  AEr  was  taken  to  be  equal  to  85%  of  the  difference  of 
r -point  band  gaps  between  GaAs  and  Ga,  _  ,  Al,  As. 1314 
The  dependence  on  the  alloy  composition  x  of  the  r -point 
energy  edge  in  Ga,  _ ,  Al,  As  is,  in  the  virtual  crystal  approx¬ 
imation:  £^*' '  *A,*A*=»  l .  35jc  eV,  above  the  GaAs  /'-point 
conduction  band  minimum. 

III.  RESULTS 

We  present  the  main  results  for  the  transmission  coeffi¬ 
cients  of  electrons  through  a  GaAs-Ga,  _,Al,As-GaAs 
DHS.  The  incident  Bloch  state  is  derived  from  near  the 
GaAs  conduction  band  r  point  with  real  wave  vector 
k^mk  lr,  e.g.,  Jc'r).  We  discuss  the  transport 

across  the  central  Ga,  _  ,AI,  As  barrier  as  a  function  of  the 
energy  E,  of  the  incoming  Bloch  state  dfkg  ,*o),  thickness  of 
the  barrier  and  alloy  composition  x  in  the  central 
Ga,  _,AJ,As  barrier. 

A.  QuaMtatlvo  faa  turns  of  transport 

Figure  2  shows  the  total  transmission  and  reflection  coef¬ 
ficients  r(k„  ,2s)  and  £(k„,£)  as  a  function  of  the  energy  E 
of  the  incoming  Bloch  state.  Energy  is  measured  with  respect 


Alloy  composition :  x*  1.0 

Incoming  state:  Conduction  band 
in  GaAs  near  T  along  (100) 


to  the  GaAs  conduction  band  minimum.  We  consider  the 
case  of  vanishing  parallel  wave  vector  k„  =  0  and  composi¬ 
tion  of  x  *  1.0.  Calculations  were  carried  out  for  different 
AlAs  barrier  thicknesses. 

For  energies  of  the  incoming  states  near  the  GaAs  con¬ 
duction  band  r  point,  transmission  through  the  AlAs  bar¬ 
rier  occurs  mostly  via  the  coupling  to  evanescent  states  that 
connect  to  the  AlAs  conduction  band  at  the  r  point.  In  the 
energy  range  considered,  no  propagating  Bloch  states  are 
available  in  AlAs  and  the  wave  function  has  an  evanescent 
character  in  the  barrier.  The  AlAs  r -point  minimum  is  at  an 
energy  E  =  1.35  eV  above  the  GaAs  conduction  band 
minimum.  As  mentioned  in  Sec.  II,  the  transmission  coeffi¬ 
cient  vanishes  for  incoming  states  derived  from  near  the  con¬ 
duction  band  r  point  at  an  energy  equal  to  E^*.  At  this 
energy,  the  component  of  the  group  velocity  normal  to  the 
interface  vanishes  [3E (k )/dk,  ]  _  k  ^*0,  and  the  incoming 
state  ttyku  ,k  ‘r)  does  not  couple  to  any  states  in  AlAs. 

We  now  examine  the  different  transport  regimes.  Figure  3 
shows  the  total  transmission  coefficient  r(k„  ,£)  as  a  func¬ 
tion  of  the  number  of  monolayers  forming  the  central 
Ga,  _  ,  Al,  As  barrier.  Layers  are  measured  in  units  of  a/2, 
where  a  is  the  GaAs  lattice  constant  Energies  of  the  incom¬ 
ing  Bloch  state  ^(k„ ,k‘r)  range  from  0.19  eV<£<0.69  eV, 
measured  with  respect  to  the  GaAs  conduction  band  mini¬ 
mum.  The  alloy  composition  is  x  *  0.3  and  kn  =  0.  The  al¬ 
loy  is  direct  and  the  T-point  energy  edge  of  Ga,  _  x  Al,  As  is 
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Fic.  2.  TottJ  transmission  Isolid  line)  and  reflection  I  dashed  line)  coeffi¬ 
cients  m,^|  and  R  lk„  ,E)  as  a  function  of  the  energy  E  of  the  incident 
Bloch  state  dtk,  ,kr\  for  different  Oa,  . ,  Al,  As  barrier  thicknesses  with  an 
alloy  composition  of  x  *  l  .0.  Energy  is  measured  with  respect  to  the  GaAs 
conduction  band  minimum  and  k  »  0.  The  number  of  Ga,  _  ,  Al,  As  bar¬ 
rier  layers  is  a.  Incoming  state:  Conduction  band  in  GaAs  near  r  along 
1100). 
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Fic.  3.  Total  transmission  coefficient  Tlk.  ,E\  as  a  function  of  central 
Ga,  _  ,  Al,  As  barrier  thickness  for  different  incoming  energies.  The  incom¬ 
ing  Bloch  state  has  no  momentum  parallel  to  the  interface  k,  »  0.  The 
Ga,  _,AI,As  alloy  composition  is  x  »  0.3.  Incoming  state:  Conduction 
band  in  GaAs  near  f  along  1 100). 
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£<j«,  -•A,-A*so.41  eV.  Transmission  through  the 
Ga,  _  ,  Al,  As  barrier  is  either  tunneling  or  propagating,  de¬ 
pending  on  the  nature  of  the  Bloch  states  available  for  strong 
coupling  in  the  alloy.  For  energies  of  the  incoming  state  less 
than  £^*'  the  available  states  in  the  alloy  are  gap 

states  ( k  "  complex)  and-the  wave  function  is  damped  in  the 
barrier.  However,  for  energies  of  the  incoming  state  greater 
than  Er“' '  ’AI,A*.  the  available  states  in  the  alloy  are  band 
states  ( k  "  real)  and  the  wave  function  is  not  damped  in  the 
barrier. 

Generally,  when  an  incoming  state  in  GaAs  is  derived 
from  a  conduction  band  extremum,  say  X,  such  that  k0xk  [ 
and  dfkn  kn  ,k  [ )  the  mode  of  transport  (i.e.,  tunnel¬ 

ing  or  propagating)  appears  to  be  determined  by  the  nature 
of  the  states  in  Ga,  _ ,  Al,  As  derived  from  the  same  conduc¬ 
tion  band  extremum  d(kn  ,k  ").  For  energies  of  the  incoming 
state  less  than  the  alloy  conduction  band  edge  E^'~  *AI*A*, 
the  states  that  couple  strongly  in  the  alloy  are  gap  states 
evanescent]  and  hence  the  wave  function  is 
damped  in  the  barrier.  However,  for  energies  of  the  incom¬ 
ing  state  greater  than  the  alloy  conduction  band  edge 
£0«i  -  the  states  that  couple  strongly  in  the  alloy  are 
band  states  [dfk,  ,k  ")  propagating]  and  hence  the  wave  func¬ 
tion  is  not  damped  in  the  barrier. 

In  the  tunneling  regime  of  transport,  transmission  occurs 
mostly  via  the  coupling  to  the  alloy  /'-point  evanescent  states 
(k  "  complex).  As  seen  in  Fig.  3,  the  evanescent  character  of 
the  wave  function  in  Ga,  _  ,  Al,  As  is  reflected  in  the  fact 
that  the  transmission  coefficient  r(kfl,£)  is  an  exponentially 
decaying  function  of  the  Ga,  _  ,  Al,  As  barrier  thickness. 
These  observations  are  similar  to  those  obtained  from  the 
thick-barrier  WKB  approximation. IS  I*  For  incoming  states 
with  energy  greater  than  E^'~  *AI*A’,  transmission  occurs 
mostly  via  the  coupling  to  the  alloy  r -point  propagating 
states  (k  "  real).  The  transmission  coefficient  is  unity  when 
the  thickness  of  the  Ga,  _ ,  Al,  As  barrier  contains  an  inte¬ 
gral  number  of  half-wavelengths  (determined  by  k  ")  in  the 
barrier  region.  Under  these  resonant  scattering  conditions, 
the  states  derived  from  the  conduction  band  T  point  couple 
strongly  to  each  other  and  channeling  into  Bloch  states  de¬ 
rived  from  different  conduction  band  extrema  is  found  to  be 
small.  This  observation  is  supported  by  the  original  work1,2 
on  the  transport  of  Bloch  states  at  a  single 
GaAs-Ga,  _  ,  Al,  As  heterojunction.  For  energy  of  the  in¬ 
coming  state  above  £^*'  *  the  transmission  coefficient 
is  a  periodic  function  of  the  Ga,  _  ,  Al,  As  barrier  thickness. 
Since  the  wave  vector  k  "  increases  with  incident  Bloch  state 
energy,  the  period  of  the  transmission  amplitude  decreases 
with  the  energy  of  the  incident  Bloch  state.  The  off-reso¬ 
nance  transmission  amplitudes  increase  with  increasing  inci¬ 
dent  energy.  The  general  qualitative  behavior  of  the  trans¬ 
port  is  similar  to  that  exhibited  by  plane  wave  states  incident 
on  a  rectangular  quantum-mechanical  barrier.17 

Figure  4  shows  the  total  transmission  and  reflection  coef¬ 
ficients  T(k„,£)  and  R  (k.,  Ji )  as  a  function  of  the  number  of 
monolayers  forming  a  central  AlAs  barrier.  The  energy  of 
the  incoming  Bloch  state  d(kn  ,k  £■)«£  *  0.51  eV,  measured 
with  respect  to  the  GaAs  conduction  band  minimum.  The 


Fio.  4.  Tool  transmission  (solid  line)  and  reflection  I dashed  line)  coefl- 
cients  r(k,,£  (and  JI  (k,,£)aa  a  function  of  central  AJAs  barrier  thickness 
for  an  energy  off  *0.31  eV  Energy  is  measured  with  respect  to  the  GaAs 
conduction  band  minimum  and  k,  —  0.  Alloy  compoaitioa:  *  *  1.0.  In¬ 
coming  state:  Conduction  band  in  GaAs  near  r  along  ( 100). 


incoming  state  derived  from  near  the  conduction  band  r 
point  has  vanishing  parallel  momentum  kn  =  0.  At  this  en¬ 
ergy  the  states  available  for  transport  in  AlAs  are  propagat¬ 
ing  states  near  the  .T-point  extremum  (k  "  real),  and  evanes¬ 
cent  states  connecting  to  the  r  point  (k  "  complex)  at  higher 
energy.  Here  again  it  is  found  that,  for  incoming  states  de¬ 
rived  from  the  GaAs  conduction  band  r  point,  transmission 
through  the  AlAs  barrier  occurs  mostly  via  the  coupling  to 
evanescent  states  that  connect  to  the  AlAs  conduction  band 
at  the  r  point.  At  small  AlAs  barrier  thicknesses,  transmis¬ 
sion  of  conduction  band  7~ -point  incoming  states  is  governed 
by  tunneling.  In  this  regime,  the  incoming  state  t^k,  ,k‘r) 
tunnels  through  the  AlAs  barrier  by  coupling  to  the  evanes¬ 
cent  Bloch  states  dfk„  ,k  ")  associated  with  the  conduction 
band  r -point  minimum.  However,  it  was  found  that  under 
energetically  favorable  conditions,  transport  could  exhibit 
very  sharp  resonance  scattering  through  available  propagat¬ 
ing  Af-point  states  tHk„  .k '/).  This  mode  of  resonant  transport 
occurs  for  thick  AlAs  barriers  when  the  tunneling  through 
r -point-derived  evanescent  Bloch  states  is  negligible.  Reso¬ 
nance  scattering  through  propagating  A’-point  Bloch  states 
appears  to  be  very  sharp  due  to  the  weak  coupling  between 
t^k,,,*^)  and  iftk ,,,k").  Similar  regimes  of  transport  have 
also  been  reported  in  the  case  of  GaAs-GaAs,  _  ,  P,  -GaAs 
strained  (100)  double  heterostructures.4 
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B.  Admixture  of  statM  of  dHVwvnt  •ymnwtrlM 

We  now  analyze  the  relative  contributions  of  the  .T-point 
and  the  /'-point  conduction  band  Bloch  states  to  the  trans¬ 
mitted  wave  function  as  a  function  of  the  alloy  composition 
x.  Figure  S  shows  the  transmission  coefficients  7y(k,,,£) 
and  /,(k,,£)  as  a  function  of  alloy  composition,  for  two 
different  Ga,  _,Al,As  barrier  thicknesses.  The  energy  of 
the  incoming  state  is  E  *  0.69  eV  measured  with  respect  to 
the  GaAs  conduction  band  minimum.  For  the  range  of  alloy 
compositions  studied,  this  energy  is  greater  than 
E*?'  *  At  this  energy  the  /'-point  and  -T-point  states  in 

GaAs  and  Ga,  _,Al,As  are  propagating  \k'r,k  ".k1"  real, 
and  k  ,Jc  "Jc real).  The  incoming  Bloch  state  has  k(|  =  0. 

As  mentioned  above,  the/* -point  energy  edge 
scales  linearly  with  the  alloy  composition.  The  composition 
x  is  therefore  proportional  to  the  /'•point  barrier  height  at 
the  interface.  For  the  range  of  alloy  compositions  studied, 
the  /"-point  energy  edge  of  Ga,  _,Al,As  varies  approxi¬ 
mately  in  the  range  0  eV<££*’  "AI*A'<0.47  eV,  above  the 
GaAs  /-point  conduction  band  minimum.  For  an  energy  of 
the  incoming  state  of  £  *  0.69  eV,  the  transport  regime  for 
incoming  states  derived  from  the  conduction  band  /  point  is 
propagating  since  the  coupling  states  in  the  alloy  are  propa¬ 
gating  Bloch  states.  Since  the  energy  of  the  incoming  state 
lies  above  the /-point  energy  edge  of  the  alloy,  the  transmis¬ 
sion  amplitude  is  a  weakly  dependent  function  of  the  barrier 
height. 


Fto.  5.  Wave  vector-resolved  transmission  coefficients  Trik  ,£  i  'solid  lmei 
and  r,|k,  £ )  (dashed  line)  as  a  function  of  Oa,  _ .  Al,  As  alloy  composition 
x  for  different  barrier  thicknesses.  The  energy  of  the  incoming  state  is 
E  m  0.69  eV.  The  number  of  Oa,  _ ,  Al,  As  barrier  layers  is  it.  and  k  *•  0. 
Incoming  state  Conduction  band  in  GaAs  near  r  along  1 1001. 


As  the  Al  content  of  Ga,  _  ,  Al,  As  increases,  transmission 
into  the  propagating  jf-point  Bloch  states  t^k,,  ,k "')  in¬ 
creases  but  remains  rather  small.  States  derived  from  the 
same  extremum  of  the  conduction  band  appear  to  couple 
strongly  to  each  other  across  the  GaAs-Ga ,  _ ,  Al*  As  inter - 
face.  However,  states  derived  from  different  extrema  of  the 
conduction  band  appear  to  couple  weakly  across  the 
GaAs-Ga,  _ ,  Al,  As  interface. 

IV.  SUMMARY  AND  CONCLUSION 

We  have  calculated  the  transport  coefficients  of  Bloch 
states  through  GaAs-Ga,  _,Al„As-GaAs  double  hetero- 
j unctions.  The  model  uses  complex-k-band  structures  and 
transfer  matrix  methods  in  the  tight-binding  approximation. 
With  these  techniques,  £, -resolved  transport  coefficients 
can  be  calculated.  This,  in  turn,  allows  for  a  better  under¬ 
standing  of  the  transmission  coefficients  of  Bloch  states  de¬ 
rived  from  different  extrema  of  the  conduction  band  in 
GaAs.  The  incoming  electron  is  derived  from  the  GaAs  con¬ 
duction  band  /  point.  Calculation  of  transport  coefficients 
associated  with  various  conduction  band  valleys  were  car¬ 
ried  through  as  a  function  of  (1)  energy  of  the  incoming 
Bloch  state,  (2)  thickness  of  the  central  Ga,  _XA1X  As  barrier 
and,  (3)  alloy  composition*  in  the  central  Ga,  _xAlzAs  bar¬ 
rier. 

States  derived  from  the  same  extremum  of  the  conduction 
band  appear  to  couple  strongly  to  each  other  across  the 
GaAs-Ga,  _  ,  Al,  As  interface.  Transmission  through  the 
Ga,  _  ,  Al,  As  barrier  is  either  tunneling  or  propagating  de¬ 
pending  on  the  nature  of  the  Bloch  states  available  for  strong 
coupling  in  the  alloy.  For  energies  of  the  incoming  states 
near  the  GaAs  conduction  band  /  point,  transmission 
through  the  Ga,.,  Al,  As  barrier  occurs  mostly  via  the  cou¬ 
pling  to  states  (evanescent  or  propagating)  that  connect  to 
the  alloy  conduction  band  at  the  /  point. 

Id  the  propagating  mode  of  transport,  resonances  in  the 
transmission  could  possibly  be  used  in  GaAs  high-speed 
low-power  electronic  devices.  In  an  operational  mode,  it  is 
desirable  to  populate  the  low-mass  high-velocity  GaAs  con¬ 
duction  band  /-point  minimum  and  to  depopulate  the  high- 
mass  low-velocity  X  and  L  valleys.  These  results  could  pro¬ 
vide  the  basis  for  an  interesting  filter  for  use  in  high-speed 
devices.18 


ACKNOWLEDGMENTS 

The  authors  wish  to  acknowledge  D.  L.  Smith  for  clarify¬ 
ing  their  thoughts  and  assisting  with  the  manuscript,  and  G. 
C.  Osbourn  for  pointing  out  to  them  some  previously  pub¬ 
lished  work  related  to  the  study  presented  here.  One  of  us 
(CM)  has  been  supported  by  the  NSERC  of  Canada  and  by 
the  Fonds  F.C.  A.C.  pour  1’aide  et  le  soutien  a  la  recherche  of 
Quebec. 


*  Work  supported  in  part  by  the  Army  Research  Office  under  Contract  No. 
DAAG29-88-C-0103. 

"'Work  supported  in  part  by  ONR  Contract  NOOOI4-82-K-0458. 


UOOOujjX  JaiO> 
PpppjrrPrf>r?* 


Otboun  MdD.L  South.  Phyt.  Re*  1 19,  2124  It  979). 

Osbourn  and  D.  L.  Smith,  1.  Vac.  3b.  Technol.  16.  1329(1979). 
Oeboutu.  J.  Vac.  So.  Technol  17.  1104(1990). 

Oeboura,  J.  Vac.  Set  Technol  19,  392  (1911). 

Chang  and  J.  N.  Scbulman.  Phyv  Re*.  B  23.  3973  (1912). 
Scbulmaa  tad  Y  C.  Chang,  Phyt.  Re*.  B 27. 2346(1993). 

Lee  and  J.  D.  Joaanopouloe,  Phyt.  Rev.  B  23. 4999. 4997(1991). 
bannn  and  S.  Ptntchdtt.  Phyt.  Rev  B 1R  3324(1971). 

Lae  and/.  D.  Joannopouloa.  J.  Vac.  Scj.  Technol.  19.  333(1991). 
Chang  and  J.  N.  Schuhnan.  J.  Vac.  Sd.  Technol  21. 340  ( 1992). 
igL  H.  P.  Hjtlmanon.  and  J.  D.  Dow.  J.  Phyt.  Chem.  Solida  (in 
prate). 


,2I  N.  -Schuhnan  and  Y.  C.  Chang.  Phyt.  Rev.  B  24,  4443  (1991). 

I!H.  C.  Caaey  and  M.  B.  Pantth.  Httmstructun  Latin  (Academic.  New 
York,  1979),  Part  A.  Chap.  4. 

I4R.  Dingle.  W.  Wagmaim.  and  C.  Henry.  Phyt.  Rev.  Lett.  33. 927  (1974). 
1SW.  A.  Harmon,  Phyt.  Rev  123,  S3 11961). 

'*C  B.  Duke,  TuiuuUtif  Pkittomtiu  in  Solids  i  Plenum.  New  York.  1969),  p. 

31. 

,TL-  I.  Setoff,  Quantum  Miehania.  3rd  ed.  (McGraw-Hill,  New  York. 
1969),  pp.  102-104. 

"C.  Mailhiot.  D.  L.  Smith,  and  T.  C.  McGill.  J.  Vac.  Sci.  Technol.  B  (to  be 
published). 


f  .Vnn'  BgL  Tonhnl  B-  vm.  t  wm  gnr  .-pay  ipns  . 


Publication  9 


Transport  characteristics  of  /.-point  and  r-poknt  sloctrons  throuw 
GaAs-Gay  .xAlxAs-QaAs(1 1 1)  doubto  hstsroJunctionsa> 

C.  MSNot,  0.  L  Smith,  and  T.  C.  MeQM 

7!  /  Wataon.  Sr.  Laboratory  afAffOai  Phyakx  California  hutituu  ofTrch*oio&,  Patadmc.  California 
91125 

(Received  23  January  1983;  accepted  21  March  1983) 

We  pnaent  here  a  atudy  on  the  transport  characteristics  of  /-point  and  /'•point  derived  electrons 
through  abrupt  OaAa-Oa,  _,Al,As-GaAs(lll)  doable  beterojunctions.  The  uae  of  complex-k 
band  structures  in  the  tight-binding  approximatioo  and  transfer  matrioea  provide  a  reasonably 
accurate  description  of  the  wave  function  at  the  GaAt-Oa,  _,A1,  As  interface.  A  representation 
of  the  wave  ftmctioc  in  terms  ofbulk  complex-k  Bloch  auteaiauaed  in  the  OaAa  regions  where  the 
potential  is  bulkhke.  A  representation  of  the  wave  Amctioa  in  terms  of  planar  orbitals  is  used  in 
the  central  On,  _,Al,As  region  where  the  potential  deviates  from  its  bulk  value  (Le.,  interfacial 
region).  Within  this  theoretical  framework,  realistic  bend  structure  effects  are  taken  into  account 
and  no  artificial  rules  regarding  the  connection  of  the  wave  Auction  across  the  interface  are 
introduced.  The  ten-band  tight-binding  model  includes  in  the  total  wave  Auction  of 

states  derived  from  different  estrema  of  the  OaAs  conduction  band.  States  derived  from  the  same 
extremum  of  the  conduction  bend  appear  to  couple  strongly  to  each  other,  whereas  states  derived 
from  difibrent  extrema  are  found  to  couple  weakly.  Transport  characteristics  of  incoming  L-point 
and  /'•point  Bloch  states  are  examined  as  a  Auction  of  the  energy  of  the  incoming  state,  thickness 
of  the  Oa,  _,Al,As  barrier,  and  alloy  compoeitioa  x.  Transmission  through  the  Ga,  _,Al,As 
barrier  is  cither  tunndiag  or  propagating  depending  an  the  nature  of  the  Bloch  states  available  for 
strong  coupling  in  the  alloy.  Since  Bloch  states  derived  from  different  extrema  of  the  conduction 
appear  to  couple  weakly  to  each  other,  it  seems  possible  to  reflect  the  low  velocity  /-point 
component  of  the  current  while  transmitting  the  high  velocity  /'•paint  component. 

PACS  numbers:  73.40.Lq 

L  MTTIOOUCnON  coupling  available  for  transmission  in  the  Oa,  _,A1,  As  bar¬ 

rier  are  evanescent  and  the  wave  vector  k  is  complex.  In  the 
The  introduction  of  new  device  fabrication  technoiogica  has  letter,  the  Bloch  states  with  strong  coupling  available  for 

allowcd  the  reahTStion  of  planar  electronic  devices  in  which  i«  »k»  .iioy  pwipapting  ««t  the  w*w  vae. 

the  dimension  perpendicular  to  the  growth  plane  is  of  the  tor  k  takes  on  real  values. 

order  of  a  few  lattice  spacing!.  The  understanding  of  the  In  the  following,  we  examine  DHS  in  which  the  perpendi- 
trsnsport  of  electrons  through  semiconductor  interfaces  is  of  cular  dimension  ofthe  central  barrier  region  is  ofthe  order  of 

great  importance  regarding  the  performance  of  these  very  a  few  atomic  layers.  Since  the  potential  varies  over  distances 

small-scale  electronic  devices.  The  major  reason  that  makes  on  an  atomic  scale,  a  theoretical  approach  beyond  the  effec- 

GaAs  a  prime  candidate  for  high  speed  electronic  devices  is  tive-mass  theory  is  needed.  The  theoretical  framework  used 

the  very  high  velocities  that  can  be  achieved  by  electrons  here  exploits  the  bulk  properties  of  the  constituent  semicon- 

derived  from  the  /"-point  conduction  bond  minimum.  The  ductors  forming  the  DHS.  The  transport  of  electrons 

small  value  of  the  /'•point  effective  mass  is  in  major  part  through  a  region  of  space  in  which  the  energy  of  the  state  is 

responsible  for  the  very  high  velocities  that  can  be  achieved  such  that  free  propagation  is  not  allowed  is  best  described  in 

by  these  electrons.  At  higher  energies,  electrons  start  to  pop-  terms  of  the  complex-k  bulk  band  structure.  The  breakdown 

ulate  the  low  velocity  /.-point  and  JT-point  OaAs  conduction  of  translational  invariance  induced  by  the  interface  implies  a 

band  valleys,  therefore  reducing  the  population  of  the  high  new  set  of  boundary  conditions  that  do  not  exclude  the  corn- 

velocity  A  point  minimum.  This  has  the  direct  effect  of  set-  ponent  of  the  wave  vector  k  normal  to  the  interface  to  take 

ting  an  upper  limit  to  the  speed  at  which  the  device  can  0n  complex  values.  The  problem  of  calculating  the  transport 

operate.  The  study  of  transport  of  electrons  associated  with  coefficients  of  Bloch  states  at  an  abrupt  interface  using  com- 

the  various  GaAs  conduction  band  valleys  is  therefore  of  plex-k  band  structure,  cast  in  a  tight-binding  band  calcula- 

crucial  importance.  The  work  presented  here  is  concerned  tion  scheme,  has  been  addressed  in  the  past.1-*  The  major 

with  the  transport  of  /-point  and  A  point  derived  electron  result  of  the  following  theoretical  study  is  that  the  mixing 

states  through  a  GaAs-Ga,  _ ,  Al„  As-GaAsll  11)  double  between  /-point  and  f -point  states  appears  to  be  small, 

heterojunction  structure  (DHS).  The  transport  in  these  Therefore,  there  seems  to  exist  two  distinctive  energy  bar- 

structures  is  either  tunnelii.g  or  propagating  depending  on  riers  for  /-point  and  T -point  electrons.  Given  an  alloy  com- 

the  nature  of  the  states  with  strong  coupling  available  for  position  of  the  Ga,  _ ,  Al,  As  barrier,  there  is  a  range  of  ener- 

transmission  in  the  Ga,  _  „A1„  As  barrier  (i.e.,  evanescent  or  g,es  for  which  the  electrons  incoming  from  the  /"-point 

propagating).  In  the  former,  the  Bloch  states  with  strong  minimum  ofGaAs  are  mostly  transmitted,  whereas  the  elec- 
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trons  incoming  from  the  /.-point  extremum  of  GaAs  are 
mostly  reflected.  It  seems  then  possible  to  reflect  back  the 
low  velocity  /.-point  component  of  the  current  while  allow¬ 
ing  the  high  velocity  Apoint  component  to  be  transmitted. 

The  paper  is  organized  as  follows:  in  Sec.  II,  the  basic 
ingredients  of  the  theoretical  technique  used  to  calculate  the 
transport  coefficients  ire  “presented.  The  major  results  are 
presented  and  discussed  in  Sec.  III.  A  summary  and  conclu¬ 
sions  are  given  in  Sec.  IV. 

IL  CALCULATIONAL  METHOD 

The  DHS  studied  consists  of  a  region  of  Ga,  _xAlxAs 
located  between  two  semi-infinite  layers  of  GaAs.  Figure  1 
shows  the  energy  band  diagram  and  the  physical  configura¬ 
tion  of  the  DHS.  The  energy  band  diagram  of  the  structure 
indicates  the  relative  positions  of  the/' -point  and  the  /.-point 
conduction  band  edges  for  an  alloy  composition  ofxs0.3in 
the  Ga,  _  ,  Al„  As  barrier.  An  electron  incoming  in  the  bulk 
region  I  (GaAs)  at  a  total  energy  £  above  the  GaAs  A  point 
minimum  is  scattered  at  the  boundaries  of  the  barrier  region 
II  (Ga,  _  ,A1,  As)  and  is  finally  transmitted  in  another  bulk 
region  III  (GaAs).  The  incoming  electron  is  derived  from  the 
/'point  or  from  the  L  point  in  GaAs.  The  f -point  conduc- 


Fio.  1.  Energy  band  diagram  of  OaAs-Ga,  ,  Al,  A*-OaAs  DHS  ind  cor- 
™*P°odmg  physical  structure.  Tha  electron  is  derived  from  the  /"-point  or 
from  the  i-point  and  has  a  total  energy  E  measured  with  respect  to  the 
GaAs  r-point  conduction  band  minimum.  The  relative  positions  of  the  T- 
point  (solid  line)  and  the  i-pomt  (dotted  line)  conduction  band  adges  are 
also  shown  for  an  alloy  composition  of  asO.J  in  the  Oa,  _,AI,  As  barrier. 
The  /'-point  conduction  band  oAet  is  indicated  by  4£r. 


tion  band  offset  AEr  is  a  fraction  of  the  difference  in  the  A 
point  conduction  band  gaps  between  GaAs  and 
Ga,  _  ,  A1  *  As.  Depending  on  whether  we  describe  the  total 
wave  function  in  a  bulk  region  or  an  interfacial  region,  differ¬ 
ent  representations  are  used  accordingly.  We  now  discuss 
these  two  representations. 

Systems  which  exhibit  two-dimensional  periodicity  are 
best  described  in  a  planar  orbital  representation.5-10  A 
planar  orbital  is  a  two-dimensional  Bloch  sum  consisting  of 
localized  atomic  functions.  Let  i  be  the  direction  normal  to 
the  interface  and  kg  =  ikx  4-  yky  be  the  two-dimensional 
wave  vector  parallel  to  the  interface.  We  assume  that  space 
lattice  matching  at  the  interface  is  such  that  k„  is  a  good 
quantum  number  for  the  planar  orbital.  Let  ^(k,,  ;oj  desig¬ 
nate  the  planar  orbital  corresponding  to  a  given  atomic  orbi¬ 
tal  of  symmetry  a  within  the  atomic  plane  j  of  the  layer  a. 
The  bulk  Bloch  states  ^(kn  ,k,),  labeled  by  the  wave  vector 
k  =  k,  +  ik„  are  expanded  in  terms  of  this  set  of  planar 
orbitals  {d^(kB  ;oj}.  For  interface  systems,  k,  is  complex  in 
general. 

Wherever  the  total  Hamiltonian  is  bulklike,  the  wave 
function  is  expanded  in  a  set  of  bulk  Bloch  states  {tfkn  ,£,)}. 
At  the  GaAs-Ga,  _,A1X As  interfaces,  the  potential  is  no 
longer  bulklike  and  a  description  in  terms  of  bulk  Bloch 
states  is  prohibited.  In  the  interfacial  regions,  the  wave  func¬ 
tion  is  described  in  a  planar  orbital  representation 
{^(k,,  ;a)}.  The  connection  between  the  bulk  Bloch  states 
representation  {d(k,  ,kt )}  and  the  planar  orbital  representa¬ 
tion  {^(kg  ;<r)}  is  described  in  Ref.  6  and  will  not  be  repeat¬ 
ed  here. 

The  total  number  N  of  Bloch  states  with 

k,  *kA(/i  *  I...JV)  corresponding  to  a  given  parallel  wave 
vector  kg  and  total  energy  £  depends  on  the  particular  tight- 
binding  model  used  end  on  the  orientation  of  the  interface 
plane.  More  specifically,  the  total  number  of  Bloch  states 
d(k„  Jtx )  with  real  or  complex  wave  vector  kA  is  equal  to  the 
product  of  the  number  of  atomic  orbitals  per  atom  times  the 
number  of  layers  interacting  with  a  given  layer. 1  In  the  tight- 
binding  representation  used  here,  we  have  five  orbitals  per 
atom  (o  **  s' J4>„  and  only  first  nearest-neighbor  in¬ 

teractions  were  included.  There  are  therefore  ten  Bloch 
states  ( N  *  10)  for  each  parallel  wave  vector  k„  and  total 
total  energy  £.  Half  of  the  states  have  to  be  discarded  be¬ 
cause  they  either  grow  sway  from  the  interface,  if  Im(kf) 
does  not  have  the  proper  sign,  or  are  propagating  in  the 
wrong  direction  when  kt  is  real. 

Let  the  incoming  Bloch  state  d(kg  ,£<,)  with  real  wave  vec¬ 
tor  kf)  be  incident  from  the  left  in  GaAs  onto  the 
GaAs-Ga,  _  x  Alx  As  interface.  The  total  wave  function  on  a 
given  layer  a  can  be  written  as1: 

♦(k,!  JE;o)  =*  t^kl(  ,k^a) 

+  T/* ik" (k« £ Mkg ,kA ;<r),  region  I  (la) 
TT 

¥(k„  £\&) 

*  ££  “-"'(kg  £',<r)d<v(kl|  ;<r),  interface  I-II  ( 1  b) 
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*  rtpoa  n  (lc) 

*|k ,M 

-  £B (“-,,,tk^ ^;(k, ;a),  interface  II-III  (id) 

♦(k^xr) 

-  p  ci^wm,;*).  «*“ 111  (»«i 

The  expansion  coefficients  A  '*)  (k,  ,£  )*4  '"Ik,,  JE ),  and 
A  yE )  are  associated  with  the  bulk  Bloch  states  repre¬ 

sentation  {^kj  Jc,)}  in  regions  I-UI,  respectively.  The  ex- 
pansion  coefficients  E%aHktJEAf)  and  are  as¬ 

sociated  with  the  planar  orbital  representation  {d^(k,  ,0)}, 
across  the  interffices.  At  fixed  total  energy  £  and  parallel 
wave  vector  k„ ,  we  denote  by  RA  (k,  J£ )  and  TA  (kn  JE)  the  k,  - 
restrived  reflection  and  transmission  coefficients  cone* 
sponding  to  the  Bloch  state  dfk,,/^)  in  GaAs.  The  k, -re¬ 
solved  transport  coefficients  £A(k,,£)  and  7*A(k,,£)  are 
related  to  the  expansion  coefficients  in  the  bulk  Bloch  state 
representation^  |j*(k,  ,£ )  and  if  '"’Ik,  £ ),  respectively.  The 
total  transport  coefficients  £  (k,,£)and  7'(kl,£)are  just  the 
stun  of  the  transport  coefficients  Ajkg,!?)  and  rA(k,,£). 
Flux  conservation  requires  R  (k„,£)  +  T(k,^E)  *  1. 

As  shown  in  Ref.  1,  the  transmission  coefficient  for  the 
Bloch  state  tflk,,k4)  vanishes  when  the  wave  vector  of  the 
«m««H  Bloch  state,  approaches  a  critical  point  such 
that  [3E  (k)/dkM  ]*,_*,  »0.  In  that  case,  the  incoming  state 
is  identical  with  the  reflected  state.  At  this  critical  point,  the 
incoming  state  tKkfko)  has  no  component  of  the  group  ve¬ 
locity  perpendicular  to  the  interface  and  does  not  couple  to 
any  Bloch  states  in  Ga,  .jAJ.As.  Therefore,  transmission 
starts  to  occur  as  the  incident  wave  vector  moves  away 
from  the  critical  point. 

The  transport  states  in  the  compiex-k  band  structure  of 
GaAs  aod  GaAs-Ga,  _  ,  Al„  As.  The  complex-k  band  struc¬ 
ture  for  GaAs  and  AlAs  is  well  known.112  We  have  used 
similar  techniques  to  obtain  the  compkx-k  band  structure 
for  Ga,  _,Al,As  within  the  virtual  crystal  approximation. 
Within  the  ten-band  tight-binding  description  used  here,  the 
GaAs  /'•point  conduction  bond  minimum  is 
££•**«  1.509  eV  above  the  GaAs  r -point  valence  band 
maximum  and  the  GaAs  L -point  conduction  band  valley  is 
at  an  energy  £?***  —  0.50  eV  above  the  GaAs  r -point  con¬ 
duction  band  minimum. 

The  propagating  or  evaneacent  nature  of  the  Bloch  states 
depends  on  the  real  or  complex  character  of  the  wave  vector 
k,  normal  to  the  (111)  interface  plane.  Propagating  Bloch 
states  are  associated  with  real  values  of  k, ,  whereas  evanes¬ 
cent  Bloch  states  are  associated  with  complex  values  of  k,. 
We  denote  the  bulk  states  with  k,  —  kA  in  spatial  region  p  by 
d(ky  Jt$).  In  the  discussion  that  follows,  the  incident  Bloch 
state  is  derived  either  from  near  the  GaAs  conduction  band 
L  point  with  real  wave  vector  kjmklL,  eg., 
dfk,  .koJMdfkj  ,k  i ),  or  from  the  GaAs  conduction  bond  T 
point  with  real  wave  vector  kjmk  lr,  e.g.. 


HktJcJmHktJc'r). 

Throughout  the  calculations,  the  conduction  band  offset 
AEr  is  to  be  equal  to  85%  of  the  difference  of  the  A 
point  band  gap  between  GaAs  and  GaAs-Ga,  _  „  Al,  As.*3-*4 
The  virtual  crystal  approximation  is  used  to  weight  the  tight- 
binding  parameters  of  Ga,  _  ,  Al,  As  according  to  the  alloy 
composition  x.  In  the  following,  we  consider  alloy  composi¬ 
tions  in  the  rangex<0.3,  for  which  Ga,  _,A1,  As  is  direct. 
Within  this  composition  range,  the  dependence  of  the  r ■ 
point  and  /.-point  energy  edges  in  Ga,  _  ,  Al,  As  on  the  alloy 
composition  x  is,  in  the  virtual  crystal  approximation: 

1.35  xeV  and 

(0.50  +  0.65x|eV,  above  the  GaAs  Apoint  conduction  band 

minimutn. 

Throughout  this  study,  we  neglect  carrier  scattering  by 
the  electron-phonon  interaction  and  by  the  alloy  disorder. 
Such  scattering  would  undoubtedly  occur  in  the  structures 
we  consider  here  and  will  have  some  influence  on  the  trans¬ 
port  in  them.  We  point  out,  however,  that  the  thickness  of 
the  barrier  in  the  structures  we  discuss  is  less  than  the  scat¬ 
tering  mean  free  path.13  The  scattering  processes  could  be 
in  perturbation  theory  using  the- wave  functions 
we  calculate  here  as  the  unperturbed  states. 

III.  RESULTS 

We  present  the  main  results  for  the  transmission  coeffi¬ 
cients  of  electrons  derived  Grom  the  £  point  and  r  point  of 
GaAs  through  the  GaAs-Ga,., A4As~GaAs(lll)DHS. 
We  discuss  the  transport  across  the  central  Ga,  _,Al,As 
barrier  as  a  function  of  the  total  energy  £  of  the  incoming 
state,  thickness  of  the  Ga,  _  ,A1„  As  barrier,  and  alloy  com¬ 
position  x. 

The  different  transport  regimes  (tunneling  and  propagat¬ 
ing)  can  be  demonstrated  by  studying  the  transmission  coef¬ 
ficient  for  fixed  barrier  thickness  as  a  function  of  the  energy 
of  the  incoming  state.  Figure  2  shows  the  transmission  coef¬ 
ficient  T  (k,  ,£ )  as  a  function  of  the  energy  £  of  the  incoming 
Bloch  state.  The  incoming  Bloch  state  is  either  derived  from 
the  GaAs  L  point  [k^xk'L],  or  from  the  GaAs  /*  point 
(k^mk  'r).  Energy  is  measured  with  respect  to  the  GaAs  T - 
point  conduction  band  minimum.  We  consider  the  case  of 
vanishing  parallel  wave  vector  k„  »  0.  Calculations  were 
carried  out  for  an  alloy  composition  of  x  *  0. 1  and  a  barrier 
thickness  of  seven  Ga,  _  „  Al,  As  layers.  For  the  x  =»  0. 1  al¬ 
loy,  the  Ga,  _ ,  Al,  As  Apoint  and  the  L-point  energies  are: 
£a», .  _  0  l35  eV  av*  _  0  565  eV  tbove 

the  GaAs  Apoint  conduction  band  minimum.  For  energies 
of  the  incoming  states  near  a  given  GaAs  conduction  band 
extremum  (£  or  r ),  transmission  through  the  Ga,  Al,  As 
barrier  appears  to  occur  mostly  via  the  coupling  to  states 
that  connect  to  the  alloy  conduction  band  at  the  same  extre¬ 
mum  in  the  Brillouin  zone  [L  or  T).  Since  the  Bloch  states 
derived  from  different  extrema  of  the  conduction  band  ap¬ 
pear  to  couple  weakly  to  each  other,  the  energy  barrier  for 
the  states  derived  from  the  L  point  is  different  than  the  ener¬ 
gy  barrier  for  the  states  derived  from  the  r  point. 

The  figure  clearly  demonstrates  that  there  seems  to  exist  a 
range  of  energies  above  the  GaAs  Apoint  valley  (£  ?***)  and 


Energy :  E  [ev] 


Fio.  2.  Tf  minimi  nnifllrinit  r(^.g)Maftiactiaaofth«caffirgqftht 
itwiin|dict»oiLTh«inixiiiwn«toctMMntfcndnrwdftw»h»0*ML 
point  (»oiid  fan),  or  froBHh«0«Airpoin(ilMhtU»r).  The  »aoyoonipon- 
tioa  afx  <■  a  1  iheGo, . ,  AI,  A*  borriw  it  m«w  lajwn  (hkk.  Ea«|jr  it 
mnwrij  withrwpocttotheOaAir -poiocooiKtoctiooh— dnimioiiiin  iff) 
k,-0. 

below  the  Ga,  _„Al,As  /.-point  valley  such 

that  transmission  is  large  for  incoming  Bloch  states  derived 
from  the  f  point  and  small  for  incoming  Bloch  states  derived 
from  the  L  point  In  this  energy  range, 
£?***  <£<££*'  * Bloch  states  incoming  from  the  r 
point  in  GaAs  couple  mostly  to  propagating  /'•point  states  in 
the  barrier  (k }!  real),  and  Bloch  states  incoming  from  the  /- 
point  in  GaAs  couple  mostly  to  tvanesctnt  /- point  states  in 
the  barrier  ( k  "  complex).  The  energy  range  for  which  the 
transmission  tfk,  ,k  lr )— ,k  “’)  is  much  greater  than  the 
transmission  tty k„  Jk  [  )-Mtyk,,  .At  [“)  roughly  corresponds  to 
the  composition-dependent  /.-point  energy  barrier  that  the 
incoming /.-point  Bloch  states  have  to  overcome  in  order  for 
them  to  become  propagating  \k  ”  real)  in  the  barrier.  For  the 
xmO.l  alloy,  the  /-point  valley  of  the  alloy  lies  at 
£o«i  -  «*'•** —  0.365  eV  above  the  GaAs  conduction  band 
minimum,  and  «6<k.t  ,A  kn  Jf1)  transmission  will  re¬ 
main  small  below  this  energy,  whereas  ttyk„  ,k }-) — ,k  "') 
transmission  will  be  important.  Thus,  for  a  given 
Ga,  _ ,  Al,  As  composition  x,  there  is  a  range  of  energies, 
roughly  £  '  <  £  <  £  °*'  for  which  electrons  in¬ 

coming  in  GaAs  from  the  /*  point  are  mostly  transmitted 
whereas  electrons  incoming  in  GaAs  from  the  /  point  are 


mostly  reflected.  Generally,  when  an  incoming  state  in 
GaAs  is  derived  from  a  conduction  band  extremum,  say  X, 
such  that  k^k\  and  £  is  cloae  to  E  ?•**,  the  mode  of  trans¬ 
port  (Le.,  tunneling  or  propagating)  appears  to  be  determined 
by  the  nature  of  the  states  in  Ga,  _  ,  AJ„  As  derived  from  the 
same  conduction  band  extremum  ttyk,  Jc  ").  For  incoming 
state  energies  less  than  the  alloy  conduction  band  edge 
£?*'  -"A1'A*,  the  states  that  couple  strongly  in  the  alloy  are 
gap  states  [  ttyk,  Jc  }!)  evanescent]  and  hence  the  wave  func¬ 
tion  is  damped  in  the  barrier.  However,  for  incoming  state 
energies  greater  than  the  alloy  conduction  band  edge 
£?*,"AI*A**  the  states  that  couple  strongly  in  the  alloy  are 
band  states  [ ttyk,  Jc  “)  propagating]  and  hence  the  wave 
fraction  is  not  damped  in  the  barrier. 

We  now  discuss  the  energy  dependence  of  the  transmis¬ 
sion  for  incoming  electrons  derived  from  the  GaAs  /-point 
valley.  As  mentioned  in  Sec.  II,  the  transmission  coefficient 
vanishes  for  inenmitig  states  derived  from  the  /  point  at  an 
energy  equal  to  the  /-point  extremum  of  GaAs,  ££***•  At 
this  energy,  the  component  of  the  group  velocity  normal  to 
the  interface  vanishes  [<?£  (k)/<3*,  ]  .  _  *  ^*‘0.  end  the  in¬ 
coming  state  ttyk,  Jc  1)  does  not  couple  to  any  Bloch  states  in 
Ga,  _  ,A1,  As.  The  overall  energy  dependence  is  found  to  be 
similar  to  that  of  plane  waves  incident  on  a  rectangular  bar¬ 
rier  as  derived  from  a  one-dimensional  quantum-mechanical 
treatment1*  For  incoming  states  derived  from  the  GaAs  / 
point  with  energy  below  £ £*'  -  ******  *  0.565  eV,  transport 
through  the  barrier  is  tunneling  and  the  transmission  is 
small.  However,  Car  incoming  states  derived  from  the  GaAs 
/  point  with  energy  above  £^*’  *AI*A*,  transport  through 
the  barrier  is  propagating  and  the  transmission  becomes  im¬ 
portant  For  a  fixed  barrier  thickness,  propagating  transport 
exhibits  maximum  transmission  whenever  the  energy  of  the 
incoming  state  is  such  the  thickness  of  the  Ga,  _,Al„As 
barrier  contains  an  integral  number  of  half-wavelengths  in 
the  barrier  region.  At  energies  £>  £^*'  ~  ■*'***,  the  transmis¬ 
sion  oscillates  as  a  function  of  energy  and  is  maximum  at 
resonance.  The  off-resonance  transmission  amplitude  in¬ 
creases  with  increasing  incoming  energy. 

The  different  transport  regimes  (tunneling  and  propagat¬ 
ing)  can  also  be  demonstrated  by  studying  the  transmission 
coefficient  for  fixed  incoming  energy  as  a  function  of  the 
barrier  thickness.  Figure  3  shows  the  transmission  coeffi¬ 
cient  r(lt,,£),asa  function  of  the  number  of  layers  forming 
the  central  Ga,  _  x  Als  As  barrier  for  various  energies  of  the 
incoming  Bloch  state.  The  alloy  composition  is  x  =*  0. 1  and 
k,  —  0.  Layers  are  measured  in  units  of  a/V3,  where  a  is  the 
GaAs  lattice  constant.  Forthex  =»  0.1  alloy,  the /'-point  and 

/-point  conduction  band  energies  in  Ga,  _ ,  Al,  As  are: 

£o., .  ,ai.a,  ,  Q  l35  eV  ^  £o., .  ,ai,a.  =  Q  56J  eV  abQve 

the  GaAs  /'-point  conduction  band  minimum.  The  incom¬ 
ing  Bloch  state  is  either  derived  from  the  GaAs  point  / 
{k0mk  ),  or  from  the  GaAs  /"  point  {k0mk  }- ).  For  the  case 
where  the  incoming  Bloch  state  is  derived  from  the  GaAs  /• 
point  valley,  the  different  types  of  transport  (tunneling  and 
propagating)  are  shown  for  an  energy  £  *  0.54 
eV<£°*’  -  **'•**,  in  which  case  the  transport  is  tunneling 
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and  for  an  energy  £  —  0.59  eV >  ££*'  ~ *A,'A*>  in  which  case 
the  transport  is  propagating. 

We  discuss  first  the  case  of  incoming  electrons  derived 
from  the  GaAs  £-point  valley.  In  the  tunneling  regime  of 
transport  f£<£°*’  transmission  occurs  mostly  via 

the  coupling  to  evanescent  states  [k  "  complex)  derived  from 
the  L  point  of  Ga,  _ ,  Al,  As.  As  seen  in  Fig.  3,  the  evanes¬ 
cent  character  of  the  wave  function  in  Ga,  _  ,  Al,  As  is  re¬ 
flected  in  the  fact  that  the  transmission  coefficient  7*  (la,,  ) 
is  an  exponentially  decaying  function  of  the  Ga,  _  ,  Al,  As 
barrier  thickness.  These  results  are  similar  to  those  obtained 
from  the  thick-barrier  WKB  approximation.”1*  In  the 
propagating  regime  of  transport  (£>££*'*  *A1**‘),  transmis¬ 
sion  occurs  mostly  via  the  coupling  to  propagating  states  (k  " 
real)  near  the  conduction  band  £  point  of  Ga,  _,A1,  As.  For 
energies  of  the  £-point  incoming  electron  greater  than 
E°*'  *  **'***,  the  transmission  coefficient  is  a  periodic  func¬ 
tion  of  the  Ga,  _,Al,As  barrier  thickness.  The  period  is 
determined  by  the  wave  vector  q'lmk °  -  k  ",  where  k°L  is 
the  £-point  Brillouin  zone  edge.  The  transmission  coeffi¬ 
cient  is  unity  when  the  thickness  of  the  Ga,  _ ,  Al,  As  barrier 
contains  an  integral  number  of  half-wavelengths  (deter¬ 


mined  by  q£)  in  the  barrier  region.  Since  the  wave  vector 
increases  with  the  energy  of  the  incoming  £-point  Bloch 
state,  the  period  of  the  transmission  amplitude  decreases 
with  the  energy  of  the  incident  £-point  electron.  The  off- 
resonance  transmission  amplitudes  increase  with  increasing 
incident  energy.  The  general  qualitative  behavior  of  the 
transport  is  similar  to  that  exhibited  by  (dene  wave  states 
oo  a  rectangular  quantum-mechanical  barrier.  Si¬ 
milar  regimes  of  transport  have  also  been  reported  for  in¬ 
coming  states  near  the  GaAs  r  point  for 
GaAs-GaAs,  _,P,-GaAs  strained  (lOOJDHS4  and  for 
GaAs-Ga,  _,Al,As-GaAsdOO)DHS.i* 

Also  shown  in  Fig.  3  is  a  comparison  between  the  trans¬ 
mission  for  incoming  electrons  derived  from  the  GaAs  r 
point  and  from  the  GaAs  £  point  at  the  same  energy,  namely 
£»Q.39eV.  At  this  energy,  k|S  and  are  real  and,  conse¬ 
quently,  the  Bloch  states  and  d(k|Jk  ?)  are  propa¬ 

gating.  At  a  given  foyer  thickness,  the  transmission  is  greater 
for  states  incoming  from  the  GaAs  /“point  than  for  the  states 
derived  from  the  £  point  This  is  due  to  the  fret  that  for  a 
given  energy  of  £  0.59  eV,  the /'•point  states  lie  at  an  ener¬ 
gy  of  about  0.46  eV  above  the /'-point  minimum  of  the  alloy, 
£?*’  »  0.135  eV.  On  the  other  hand,  the  £ -point 

states  lies  at  an  energy  of  only  0.03  eV  above  the  £ -point 
valley  of  the  alloy  £^**  “A1*A*  *  0.565  eV.  As  seen  in  the 
figure,  it  seems  possible  to  tune  the  thickness  of  the 
Ga,  _,Al,As  barrier  in  such  a  way  as  to  reduce  the  trans¬ 
mission  for  the  incoming  states  derived  from  the  GaAs  £ 
point  while  the  transmission  for  the /“point  remains  close  to 
unity. 

Figure  4  shows  the  transmission  coefficient  7“(k,  ,£)  as  a 
function  of  alloy  composition  for  two  different 
Ga,  _  ,A1,  As  barrier  thicknesses.  The  incoming  Bloch  state 
is  either  derived  from  the  GaAs  £  point  (kowdejj,  or  from 
the  GaAs  /“  point  [k^mk  lr).  The  incoming  Bloch  state  has 
k^  *»'0.  The  energy  of  the  incoming  state  is  £  =  0.501  eV 
above  the  GaAs  /“-point  conduction  band  minimum.  As 
mentioned  above,  the  /“ -point  and  £-point  energy  edges, 
£°*'  and  £^*'  scale  linearly  with  the  alloy 

composition  for  *<0.3.  The  composition  x  is  therefore  di¬ 
rectly  related  to  the  /“ -point  and  £-point  barrier  heights  at 
the  interface.  For  the  range  of  alloy  compositions  studied, 
the  r -point  and  the£-point  energies  of  Ga,  _  ,  Al,  As  vary  in 
the  range  0  eV  <£°*'--A1'A‘ <0.405  eV  and 

0.50  eV<£2*’-*A,*A* <0.70  eV,  above  the  GaAs  /“-point 
conduction  band  minimum.  For  a  fixed  energy  of£  =  0.501 
eV,  the  transport  is  propagating  for  Bloch  states  incoming 
from  the  /“  point  although  it  is  mostly  tunneling  for  Bloch 
states  incoming  from  the  £  point  in  the  composition  range 
x<0.3.  This  is  due  to  the  fact  that,  in  this  composition  range, 
we  have  £^--'A1'A*<£<£°*'-'A,'A,  so  that  A}!  is  real 
whereas  k  "  is  mostly  complex. 

We  first  discuss  the  case  of  incoming  electrons  derived 
from  the  GaAs  £-point  valley.  As  the  Al  concentration  in¬ 
creases,  the  £ -point  energy  edge  in 

Ga,  _ ,  Al,  As,  £  increases  and  so  does  the  magni¬ 

tude  of  Im(Ar ").  Therefore,  the  £-point  derived  states  have 
smaller  decay  lengths  and  tunnel  less  efficiently  across  the 
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FlO.  4.  Transmission  coefficient  T(k,  £)•**  function  of  alloy  composition 
for  two  different  Ga,  .  ,  Al.As  barrier  thicknesses.  The  incoming  electron 
is  either  derived  from  the  GaAs  L  point  (solid  line),  or  from  the  OaAs  f 
point  (dashed  line).  The  energy  of  the  incoming  state  is  E  -  0.301  eV  above 
the  OaAs  /*-pomt  conduction  band  minimum  and  h,  »  0.  Layers  are  mea¬ 
sured  in  units  of  a/yl,  where  a  is  the  GaAs  lattice  constant 

barrier.  This,  in  turn,  implies  an  increased  reflection  prob¬ 
ability  for  the  /-point  derived  states.  At  a  given  alloy  compo¬ 
sition  x,  the  transmission  is  greater  for  the  states  incoming 
from  the  GaAs  /"  point  than  for  the  states  derived  from  the  / 
point.  This  is  due  to  the  fact  that  the  /'-point  states  are  trans¬ 
mitted  in  the  propagating  regime  (£>£°*'  ~  *AI*A*),  whereas 
the  /.-point  states  are  transmitted  in  the  tunneling  regime 
(£<£?*'  -*A,*A‘). 

Since  the  mixing  between  /.-point  and  /"-point  states  ap¬ 
pears  to  be  small,  there  seems  to  exist  two  distinctive  energy 
barriers  for  /.-point  and  £ -point  electrons.  In  light  of  the 
results  presented  above,  it  seems  possible  to  create  a  situa¬ 
tion  (by  either  selecting  the  energy,  the  barrier  thickness,  or 
the  alloy  composition)  such  that  both  the  £ -point  and  the  /• 
point  states  were  propagating  in  GaAs  but  only  the  £ -point 
states  would  be  propagating  in  Ga,  As,  the  /.-point 
states  being  evanescent  in  the  barrier.  Such  a  situation  may 
have  applications  in  GaAs  high  speed  low  power  devices  to 
provide  a  way  of  reflecting  back  the  low  velocity  /.-point 
component  of  the  current  while  allowing  the  high  velocity  £- 
point  component  to  be  transmitted. 

IV.  SUMMARY  AND  CONCLUSION 

We  have  calculated  the  transport  coefficients  of  /-point 
£ -point  electrons  through  GaAs-Ga,  _  M  AL,  As-GaAs(  111) 
double  heterojunctions  within  a  ten-band  tight-binding  for¬ 
malism.  The  model  takes  into  account  band  effects  through 
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the  use  of  complex-k  band  structures  and  transfer  matrix 
methods  reasonably  well.  Within  this  theoretical  frame¬ 
work,  k,  -resolved  transport  coefficients  can  be  calculated. 
This,  in  turn,  allows  for  a  better  understanding  of  the  trans¬ 
mission  coefficients  of  electrons  derived  from  different  ex¬ 
trema  of  the  conduction  band  in  GaAs.  Calculation  of  trans¬ 
port  coefficients  associated  with  various  conduction  band 
valleys  were  carried  out  as  a  function  of  (1)  energy  of  the 
incoming  electron,  (2)  thickness  of  the  central  Ga,  _  ,  Alx  As 
barrier,  and  (3)  alloy  composition  x  in  the  central 
Ga,  _xAl,As  barrier. 

States  originating  from  the  same  extremum  of  the  conduc¬ 
tion  band  appear  to  couple  strongly  to  each  other,  whereas 
states  derived  from  different  extrema  are  found  to  couple 
weakly.  For  energies  of  the  incoming  states  near  a  given 
GaAs  conduction  band  extremum  (/  or  /"),  transmission 
through  the  Ga,  _  „  Al„  As  barrier  occurs  mostly  via  the  cou¬ 
pling  to  states  (evanescent  or  propagating)  that  connect  to 
the  alloy  conduction  band  at  the  same  extremum  (/  or  £ ). 
Transmission  through  the  Ga,  _ ,  Al,  As  barrier  is  either 
tunneling  or  propagating  depending  on  the  nature  of  the 
Bloch  states  available  for  strong  coupling  in  the  alloy.  Since 
the  mixing  between  /-point  and  A  point  states  appears  to  be 
small,  there  seems  to  exist  two  distinctive  energy  barriers  for 
/-point  and  A  point  electrons.  This  observation  may  lead  to 
interesting  effects  in  GaAs  high  speed  low  power  electronic 
devices  whereby  the  low  velocity  /-point  component  of  the 
current  could  be  blocked  (i.e.,  small  transmission  below  the 
/-point  barrier)  while  the  high  velocity  £ -point  component 
could  be  transmitted  (i.e.,  large  transmission  above  the  A 
point  barrier). 
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We  report  the  results  of  a  DLTS  study  on  the  majority  carrier  deep  level  structure  of  three  samples 
of  ;t-type  CdTe  and  the  effects  on  the  deep  level  structure  of  indium  doped  CdTe  due  to  H2 
annealing.  H2  annealing  did  not  qualitatively  change  the  deep  level  structure  of  the  annealed 
sample.  It  did  cause  the  shallow  level  concentration  to  decrease  with  a  proportional  decrease  in 
the  deep  level  concentrations  as  a  result  of  indium  out-diffusion  and  compensation  by  native 
defects.  Levels  present  in  all  of  the  materials  studied  have  been  characterized  and  attributed  to 
either  native  defects  or  innate  chemical  impurities.  Other  levels  present  in  indium  doped  material 
require  above  band  gap  illumination  of  the  sample  before  they  are  observed.  A  possible  model 
proposes  that  these  levels  arise  from  defect  complexes. 

PACS  numbers:  71.25.Tn,  71.55.Ht,  72.20Jv,  81.40.Ef 
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I.  INTRODUCTION 

The  presence  of  crystal  defects  has  long  complicated  our 
understanding  of  II- VI  semiconductors.  These  defects  are  a 
result  of  the  wide  phase  stability  regions  of  II- VI  com¬ 
pounds,  and  they  often  dominate  the  electrical  characteris¬ 
tics  of  the  material.  The  defect  structure  of  CdTe,  a  II-IV 
semiconductor  which  exhibits  large  deviations  from  stoi¬ 
chiometry,  is  recently  of  great  interest  because  of  the  use  of 
CdTe  in  infrared  devices.  Annealing  CdTe  at  elevated  tem¬ 
peratures  under  fixed  partial  pressures  of  its  constituent  ele¬ 
ments,  Cd  and  Te,  can  modify  the  material's  defect  struc¬ 
ture.1,2  Annealing  CdTe  at  a  high  temperature  in  an  H2 
ambient  prior  to  its  use  as  a  substrate  for  epitaxial  growth 
has  been  shown  to  alter  the  electrical  properties  of  the  CdTe 
in  the  near  surface  region  through  the  introduction  of  crystal 
defects.1  Despite  the  importance  of  crystal  defects  in  CdTe, 
they  are  poorly  characterized  and  understood  at  present4 

We  present  here  a  deep  level  transient  spectroscopy 
(DLTS)  study  of  deep  levels  in  both  indium  doped  and  un¬ 
doped  CdTe.  The  effects  on  the  deep  level  structure  of  indi¬ 
um  doped  CdTe  due  to  H2  annealing  are  also  presented. 

II.  EXPERIMENTAL  PROCEDURES 

Physical  and  electrical  measurements  on  three  dif¬ 
ferent  single  crystals  of  n- type  CdTe  are  reported  here.  Ma¬ 
terial  INI,  indium  doped  CdTe  obtained  from  Eagle  Picher 
Ind.,  was  initially  on  the  Cd  excess  side  of  the  phase  stability 
region.  Its  indium  concentration  was  — 10"  cm-1.  Materi¬ 
als  UNI  and  IN2,  undoped  CdTe  from  Eagle  Picher  Ind. 
and  indium  doped  CdTe  from  the  1 1- VI  Corporation,  re¬ 
spectively,  were  annealed  in  Cd  vapor  at  750  *C  for  between 
6  and  12  h  to  raise  their  carrier  concentrations.  The  concen¬ 
tration  of  indium  in  IN2  was  several  orders  of  magnitude  less 
than  in  INI. 

Electrical  measurements  were  performed  on  Au  Schottky 
barrier  devices.  Two  methods  of  sample  preparation  were 
used  in  fabricating  devices  on  INI.  In  both  methods  clean 
surfaces  of  CdTe  were  prepared  by  cleaving  rods  of  bulk 
CdTe  in  air.  One  set  of  samples  was  immediately  placed  into 
an  ion  pumped  vacuum  system  ( <  10“‘  Torr)  where  160- 


H  m-diam  Au  dots  were  evaporated  onto  the  cleaved  CdTe 
surfaces.  A  second  set  of  samples  was  annealed  at  350- 
370  *C  for  1  bin  Pd  purified  H2  ambient  before  Au  dots  were 
deposited  onto  the  annealed,  cleaved  sample  surfaces.  Au 
Schottky  devices  were  also  made  on  air  cleaved  surfaces  of 
UNI  and  IN2.  No  H2  «im»»ling  treatment  was  used  in  these 
samples. 

Capacitance  voltage  {C-V)  profiling  of  the  CdTe  samples 
was  carried  out  at  room  temperature  using  a  Model  71A 
Boon  ton  capacitance  meter.  DLTS  spectra  were  taken  on  a 
fast  capacitance  bridge  using  a  double  boxcar  integrator  as 
described  by  Lang.1 

Secondary  ion  mass  spectroscopy  (SIMS)  was  used  to 
depth  profile  the  indium  concentrations  at  H2  am*efc*d  and 
unannealed  surfaces  of  INI.4 

III.  RESULTS 

The  results  of  DLTS  and  capacitance  measurements  made 
on  the  various  CdTe  structures  are  summarized  below  and  in 
Figs.  1,  2,  and  3.  Since  there  is  negligible  minority  carrier 
injection  in  a  Schottky  barrier  device  only  majority  carrier 
traps  were  observed.  The  shallow  level  concentrations 
[Nd-Na  )  were  determined  from  measurements  of  reverse 
bias  capacitance  characteristics. 

We  begin  our  discussion  with  the  results  on  the  two  crys¬ 
tals  from  Eagle  Picher  Ind.  The  shallow  level  concentrations 
of  samples  from  INI  (CdTe  originally  doped  with  JV,„ 
~  10"cm-3)  were  7x  1017  cm-1  for  unannealed  surfaces 
and  3x  10,5-5x  10"cm-1  for  H2  annealed  surfaces.  SIMS 
measurements  showed  a  minor  surface  buildup  of  indium 
followed  by  a  2-3  pi n  layer  depleted  of  indium  by  a  factor  of 
two  at  the  H2  annealed  surface.  DLTS  spectra  for  unan¬ 
nealed  and  H2  annealed  surfaces  of  INI  did  not  differ  mar¬ 
kedly  as  a  result  of  the  two  methods  of  sample  preparation. 
These  DLTS  measurements  probed  a  region  extending  1-2 
pm  below  the  surface.  Typical  DLTS  spectra  are  given  in 
Fig.  1(a)  and  (c).  In  the  temperature  range  from  80  to  400  K. 
three  main  electron  traps  ( £ 1,  £  2,  and  £  3)  were  evident.  A 
shoulder  was  visible  on  the  low  temperature  side  of  £2 
( £2a).  Some  of  the  samples  also  exhibited  a  level  ( £  la) 
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which  occurred  at  a  lower  temperature  than  £ 1.  The  activa¬ 
tion  energies  of  levels  E 1  and  £  2,  determined  from  Arrhen¬ 
ius  plots  shown  in  Fig.  3,  were  0.34  ±  0.06  and  0.77  ±  .05 
eV,  respectively,  relative  to  the  conduction  band.  The  con¬ 
centrations  of  levels  E 1  and  El  tracked  the  shallow  level 
concentration  at  approximately  3%  and  8%  of  the  shallow 
level  concentration  in  all  of  the  samples  made  from  INI. 
Level  E  3  was  not  studied  in  detail  because,  even  for  rate 
windows  corresponding  to  long  time  constants,  rapid 
changes  occurred  in  the  Schottky  barrier  device  characteris¬ 
tics  at  the  temperatures  where  E  3  was  observed. 1 

The  DLTS  spectrum  for  INI  was  modified  by  above  band 
gap  illumination  (HeNe  laser)  as  shown  in  Fig.  1(b).  A  spec¬ 
trum  was  taken  with  the  sample  in  the  dark  as  the  sample 
was  cooled  to  100  K  (dashed  curve).  After  exposure  to  above 
band  gap  light,  a  DLTS  spectrum  was  taken  with  the  sample 
in  the  dark  as  the  sample  temperature  increased  (solid  curve). 
Level  E  la  increased  in  amplitude,  a  new  level  ( E 16 )  ap¬ 
peared,  and  a  background  which  is  visible  in  the  difference 
spectrum  (dotted  curve)  appeared  under  E 1  ( E  lc).  The  de¬ 
vice  capacitance  at  100  K  also  increased  by  5%-lS  %  as  a 
result  of  illumination.  Changes  in  the  device  capacitance  and 
DLTS  spectrum  persisted  for  at  least  an  hour  after  the  light 
source  was  removed,  independent  of  the  biasing  voltage 
maintained,  provided  the  sample  temperature  remained 
~  100  K.  After  wanning  to  room  temperature  and  waiting 
— 13  min,  these  light  associated  effects  were  not  evident  in 
subsequent  dark  measurements.  Activation  energies  for  lev¬ 
els  £  la  and  £  1 A  were  estimated  as  suggested  by  Lang  to  be 
0.24  and  0.30  eV.a  The  spectra  in  Fig.  1  are  for  Hj  annealed 


Fig.  I .  DLTS  spectra  of  electron  traps  in  indium  doped  n-type  CdTe  (mate¬ 
rial  INI).  The  positions  of  the  boxcar  window?  are  given  by  r,  and  r,.  la)  A 
typical  spectrum  in  INI.  lb)  Optical  effect  in  INI.  The  dashed  scan  was 
made  before  illumination;  solid  scan  after  illumination  at  100  K.  The  dotted 
curve  is  the  difference,  (c)  Spectrum  in  INI  using  a  small  rate  window  to 
stew  £3. 


INI.  The  same  effect  was  observed  in  unannealed  INI  al¬ 
though  the  amplitudes  of  £  la  and  £  lb  relative  to  £  lc  were 
smaller. 

We  also  examined  the  unintentionally  doped  crystal  from 
Eagle  Picher  Ind.  Samples  from  UNI  had  shallow  level  con¬ 
centrations  of  approximately  2x  10,5cm~3.  Five  majority 
carrier  levels  are  observed,  ( £  2,  £  4,  £  5,  £  6,  and  £  7)  in  a 
typical  DLTS  spectrum  for  UNI  [Fig.  2(a)].  E2a  was  also 
seen  in  most  samples,  and  a  peak  corresponding  to  level  £  3 
observed  in  INI  was  present  in  a  number  of  UNI  samples. 
The  concentration  of  £  2  was  ~  3%  of  the  shallow  level  con¬ 
centration.  The  Arrhenius  plot  for  £  2  in  Fig.  3  includes 
points  taken  from  UN  1 .  £  6  was  not  observed  until  the  device 
being  studied  was  mechanically  stressed.  Subsequent  heat¬ 
ing  to  400  K  removed  £  6.  No  optical  effects  similar  to  those 
found  in  INI  were  observed. 

To  investigate  how  much  these  results  depend  on  the 
source  of  the  crystals,  we  have  also  studied  a  crystal  doped 
with  indium  from  II-VI  Corporation.  The  shallow  level  con¬ 
centration  of  samples  taken  from  IN2  were  approximately 
2 x  10l7cm~3.  This  is  larger  than  the  reported  indium  con¬ 
centration,  possibly  because  of  the  presence  of  other  impuri¬ 
ties  or  the  introduction  of  native  defects  during  the  Cd  vapor 
anneals.  A  typical  DLTS  spectrum  for  IN2  is  shown  in  Fig. 
2(b).  Three  main  levels  (El,  E  8,  and  £  9)  can  be  resolved.  In 
most  spectra  £  2a  and  £  3  are  also  visible.  Illumination  at  low 
temperatures  did  cause  a  capacitance  change  and  an  increase 
in  the  low  temperature  background  of  a  subsequent  dark 
DLTS  scan,  but  no  new  peaks  could  be  resolved  from  this 
background. 


Fig.  2.  DLTS  spectra  of  electron  traps  in  undoped  and  indium  doped  n-type 
CdTe  fmaterials  UNI  and  IN2.  respectively!.  The  positions  of  the  boxcar 
windows  are  given  by  r,  and  r2.  la)  A  typical  spectrum  in  UN  I .  ibl  A  typical 
spectrum  in  IN2. 
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Fw.  3.  Arrhenius  plots  for  electron  traps  £  I  and  £2  present  a-type  CdTe. 


IV.  DISCUSSION  AND  CONCLUSIONS 

The  predominant  effect  of  H2  annealing  IN  1  was  the  drop 
in  shallow  level  concentration.  The  estimated  deep  level  con- 
centrums  also  fell  proportionately,  suggesting  that  the 
deep  and  shallow  levels  are  in  some  way  related.  An  under¬ 
standing  of  the  effects  of  H2  annealing  on  the  shallow  levels 
may  lead  to  a  better  understanding  of  the  origin  and  charac¬ 
ter  of  the  deep  levels.  The  drop  in  carrier  concentration  dur¬ 
ing  anneal  can  be  attributed  to  two  main  sources,  loss  of 
indium  through  indium  evaporation,  or  the  introduction  of 
compensating  defects.  Such  native  crystal  defects  can  >hn 
lead  to  the  loss  of  electrically  active  indium  through  the  for¬ 
mation  of  indium  telluride  precipitates.  The  decrease  in  indi¬ 
um  concentration  at  annealed  surfaces,  as  measured  by 
SIMS,  is  not  sufficient  to  account  for  the  observed  drop  in 
shallow  donor  concentration,  suggesting  that  the  introduc¬ 
tion  of  native  crystal  defects  is  the  dominating  process. 

DLTS  spectra  for  all  three  samples  are  strikingly  similar 
near  E  2  and  E  2a,  also,  from  Fig.  3,  we  see  that  the  emission 
rate  as  a  function  of  temperature  is  the  same  for  level  £  2  in 
materials  INI  and  UNI.  From  this  we  conclude  £2  arises 
from  a  source  present  in  all  of  these  samples.  We  suggest  that 
£  2  and  E  2a  are  associated  with  impurities  or  native  defects 
which  are  either  commonly  found  in  CdTe,  or  easily  intro¬ 
duced  during  the  Cd  vapor  anneals  performed  on  the  sam¬ 
ples.  Although  the  data  are  less  conclusive,  £  3  appears  to  be 
present  in  all  of  our  samples  indicating  that  it  hiu  an  origin 
similar  to  that  of  £  2.  £  8  and  £  9  in  IN2  are  probably  the  same 
as  some  of  the  levels  in  UN  1  ( £  4 -£  7).  But,  all  of  these  levels 
are  buried  too  deeply  in  the  background  to  make  conclusive 
measurements  on  them. 


Levels£  1,£  la,£  lb,  and£  lc  are  probably  indium  relat¬ 
ed.  They  would  be  expected  to  appear  in  IN2  with  concen¬ 


trations  several  orders  of  magnitude  less  than  in  IN  1 .  If  they 
did  have  concentrations  which  were  within  the  limits  of  the 
sensitivity  of  the  DLTS,  they  were  probably  buried  in  the 
background  of  the  other  peaks  present  in  IN2.  Electron 
emission  from  £  lb,  E  lc  and  to  a  certain  extent  £  la  only 
occurs  after  above  band  gap  illumination.  The  predominant 
effect  of  this  illumination  is  the  creation  of  electron-hole 
pairs  in  the  depletion  region.  Since  electrons  can  be  intro¬ 
duced  electrically,  the  appearance  of  these  levels  in  the  spec¬ 
trum  can  be  attributed  to  the  presence  of  holes  in  the  deple¬ 
tion  region.  This  suggests  that  there  are  associated  hole  traps 
in  the  depletion  region  which  must  bind  holes  before  these 
electron  traps  can  be  observed.  Increased  device  capacitance 
following  illumination  supports  this  interpretation.  Similar 
conclusions  have  been  drawn  from  observations  of  DLTS 
spectra  in  InP.’  Persistent  photoconductivity  and  photoca¬ 
pacitance  have  been  previously  observed  in  CdTe,  but  this  is 
the  first  study  correlating  them  with  changes  in  DLTS 
spectra.7,10 

Identifying  the  centers  responsible  for  levels  £  la,  £  lb, 
and  background  £  lc  is  not  possible  without  further  study. 
We  can,  however,  propose  a  model.  Because  all  of  these  lev¬ 
els  are  affected  by  illumination,  it  seems  likely  that  the 
centers  responsible  for  each  of  these  levels  are  of  a  similar 
nature.  One  possibility  is  that  each  center  results  from  a  dif¬ 
ferent  configuration  of  a  defect  complex. 

Comparing  these  results  with  those  previously  reported, 
we  find  several  obse*  vations  of  levels  in  /t-type  CdTe  approx¬ 
imately  0.6  eV  (0.55-0.70  eV)  from  the  conduction  band 
have  been  made.*  These  could  correspond  to  levels  presented 
in  this  study,  but  the  variety  of  samples  studied  and  techni¬ 
ques  used  do  not  allow  a  definite  conclusion  to  be  drawn. 
When  comparing  the  energies  presented  here  to  those  from 
other  studies,  it  must  be  remembered  that  these  are  activa¬ 
tion  energies  and  have  not  been  corrected  for  electric  field 
effects  or  thermally  activated  capture  cross  sections. 

Huber  et  at. ' 1  have  made  DLTS  measurements  on  n-type, 
indium  doped  CdTe  films  grown  on  BaF2  and  PbTe.  Of  the 
six  levels  they  observe  between  100  and  300  K,  which  they 
attribute  to  native  defects  and  native  defect  complexes;  none 
correspond  to  £2  presented  here.  Levels  £  l-£4  in  their 
study  are  at  energies  near  0.34  eV  and  may  correspond  to  £  1 , 
£  la,or£  lb,  but  one  must  be  careful  in  comparing  materials 
grown  so  differently. 
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DLTS  and  associated  electrical  measurements  were  made  on  unintentionally  doped  CdTe 
crystals  obtained  from  several  vendors,  on  Cu-doped  CdTe,  and  on  Te-annealed  CdTe.  All  of  the 
crystals  were  p~ type.  Four  majority  carrier  deep  levels  were  observed  in  the  temperature  range 
from  100-300  K  with  activation  energies  relative  to  the  valence  band  of  0.2, 0.41, 0.43,  and  0.65 
eV.  Two  of  these  levels  were  specific  to  certain  crystals  while  the  other  two  were  seen  in  every 
sample  and  are  attributed  to  common  impurities  or  native  defects.  Fluctuations  in  the 
concentrations  of  levels  across  samples  and  as  a  result  of  modest  sample  heating  (400  K)  were  also 
observed. 

PACS  numbers:  72.80.Ey,  72.20.Jv,  71.53.Fr 


I.  INTRODUCTION 

The  electronic  properties  of  II- VI  compound  semiconduc¬ 
tors  are  not  well  understood.  The  situation  is  complicated  by 
the  presence  of  native  defects  and  defect  complexes,  in  addi¬ 
tion  to  impurities  incorporated  into  the  crystals  during 
growth.  CdTe  is  a  II- VI  semiconductor  which  is  of  recent 
interest  because  it  serves  as  a  substrate  for  the  growth  of  the 
lattice-matched  ternary  Hg,  _xCd,Te.  It  has  also  been  pro¬ 
posed  for  use  as  a  nuclear  detector  and  in  solar  cells.  In  all  of 
these  applications  an  understanding  of  the  deep-level  prop¬ 
erties  of  the  material  is  important  to  successfully  fabricating 
devices  from  CdTe.  There  have  been  a  number  of  studies  of 
deep  levels  in  CdTe. 1  The  results  of  early  measurements  are 
hard  to  compare  because  of  the  variety  of  techniques  and 
samples  used.  Recently,  more  sensitive  and  reproducible 
deep-level  transient  spectroscopy  (DLTS)  measurements 
have  been  made  on  n-type  CdTe,  but  the  CdTe  typically  used 
for  the  above  applications  is  unintentionally  doped,  as- 
grown  material  which  is  generally  p-type.2"*  Very  little  in¬ 
formation  about  deep  levels  in  these  crystals  exists. 

This  paper  presents  the  results  of  a  study  of  the  majority 
carrier  deep  levels  in  p-type  CdTe  using  the  technique  of 
DLTS.  The  experimental  method  will  be  described,  and  the 
properties  of  each  sample  studied  will  be  discussed.  Results 
of  the  measurements  will  be  presented  providing  a  compari¬ 
son  of  as-grown  CdTe  crystals  obtained  from  various 
sources.  Information  on  the  deep  levels  in  CdTe  doped  with 
Cu  and  CdTe  which  had  been  annealed  in  Te  vapor  will  also 
be  given.  Finally,  possible  explanations  for  the  observations 
that  were  made  and  conclusions  based  on  these  observations 
will  be  suggested. 

II.  EXPERIMENTAL 

DLTS  and  C-V  measurements  were  made  on  six  different 
crystals  of p- type  CdTe.  All  of  the  crystals  were  examined  in 
an  as-grown  condition.  One  was  also  annealed  in  Te  vapor 
prior  to  the  measurements.  The  history  and  properties  of 
each  of  these  materials  is  given  in  Table  I.  Shallow  level 
concentrations  [N4  —  SD)  taken  from  reverse  bias  capaci¬ 
tance  measurements  are  also  given  in  Table  I.  Five  of  the  six 
crystals  were  unintentionally  doped.  It  is  not  known  if  the 


observed  shallow  level  concentrations  in  these  crystals, 
which  are  quite  high,  were  due  to  residual  impurities  or  to 
stoichiometry.  The  latter  is  suspected.  Crystal  E  was  made 
from  material  which  was  taken  from  crystal  B  and  annealed 
at  800  "C  for  s2  h  in  a  sealed,  evacuated  quartz  ampule 
containing  elemental  Te.  Crystal  F  was  CdTe  doped  with  Cu 
at  a  level  of  10“  cm-3. 

The  measurements  described  here  were  performed  on 
Schottky  barrier  devices  fabricated  on  samples  taken  from 
the  crystals.  Both  Au  and  Cd  barriers  were  used.  Au  and  Cd 
Schottky  barriers  were  prepared  in  two  different  ways.  In  the 
first  method,  160  pm  diameter  dots  were  evaporated  onto 
air-cleaved  1 1 10|  surfaces  in  an  ion  pumped  vacuum  system 
at  I0~‘  Torr.  Ni  or  a  Cu/Au  alloy  was  evaporated  onto  the 
rear  face  of  the  sample  following  an  etch  in  K2Cr07  and 
HjS04  solution  to  provide  the  ohmic  contact.3 

In  the  second  method  of  preparation,  Au  or  Cd  was  eva¬ 
porated  onto  polished  {111)  sample  surfaces  which  had 
been  etched  for  5  min  in  a  0.5%  Br-Methanol  solution. 
These  dots  were  300  pm  in  diameter.  Again,  evaporated  Ni 
or  Cu/Au  alloy  provided  the  Ohmic  contact. 

Reverse  bias  capacitance  characteristics  for  samples  pre¬ 
pared  as  described  above  were  recorded  at  room  tempera¬ 
ture  using  a  model  71 A  Boon  ton  capacitance  meter  with  a 
15  mV,  1  MHz  test  signal.  DLTS  spectra  were  taken  on  the 


Tails  I.  Shallow  level  concentrations  and  histones  of  each  of  the  CdTe 
crystals  used  in  the  DLTS  measurements. 


Crystal 

Shallow  level 
concentration 

Comments 

A 

J-Sx  10**  cm  " 1 

Bridgman  growth  hy  ll-Vl  Corp 

B 

6x  10'* cm" ' 

Travehng  heater  method  hy  Radiation 
Monitor 

C 

2-Jx  10'*  cm  " 1 

Bridgman  growth  hy  Rockwell  Ini 

D 

1  5  x  10“  cm  ’ 

Bndfman  growth  hy  ll-Vl  Cory 

E 

>  2  x  10**  cm  ' 

Crystal  annealed  in  Te  vapor  at 

*oox:=2h 

F 

12x10“ cm  ’ 

Bndfman  growth  by  II- VI  Corp  Doped 
with  10“  cm  '  Cu 

O 

*x|0'’cm  ' 

Bndfman  growth  hy  Team  Instruments 

-  % 
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same  samples  using  a  fast  capacitance  bridge  and  double 
boxcar  integrator  as  described  by  Lang.6 

Photoresponse  and  I-V  measurements  were  also  made  on 
the  Au  and  Cd  Schottky  barriers  prepared  on  the  air-cleaved 
{ 1 10)  sample  surfaces  to  determine  the  Schottky  barrier 
heights. 

III.  RESULTS 

Results  of  the  DLTS  measurements  on  the  various  crys¬ 
tals  are  presented  below.  Minority  carrier  injection  is  negli¬ 
gible  in  Schottky  barrier  devices  if  the  barrier  height  is  con¬ 
siderably  less  than  the  band  gap,  as  is  the  case  for  Cd  and  Au 
on^-type  CdTe.7  For  this  reason,  only  majority  carrier  traps 
were  observable  in  this  study.  No  differences  in  the  spectra 
were  evident  as  a  result  of  the  method  of  device  preparation 
or  the  Schottky  barrier  used. 

As  shown  in  Figs.  1-4,  four  major  deep  levels  were  seen  in 
the  crystals  in  the  temperature  range  from  100-300  K.  Deep 
level  HI  was  seen  in  A  (Fig.  1)  and  D  (Fig.  2)  at  concentra¬ 
tions  of  1  x  1014  and  3x  10“  cm*’,  respectively.  This  level 
may  have  been  present  in  F  but  at  a  very  low  concentration. 
The  low  temperature  region  where  HI  occurred  was  scanned 
for  all  the  crystals,  although  it  a  only  shown  far  A  and  D. 
Level  H2  was  only  seen  in  crystal  C  (Fig.  2).  Its  concentra¬ 
tion  was  between  2  X101}  and  3  x  10u  cm-*.  Levels  H3  and 
H4  were  seen  in  all  of  the  crystals  (Figs.  1-4).  Level  H3  ap¬ 
peared  over  approximately  a  5  K  range  of  temperatures  in 
the  templar  studied.  This  variation  was  even  observed  in 
samplas  taken  from  the  same  crystaL  This  suggests  that  H3 
may  really  be  due  to  more  than  one  level,  and  relative  con¬ 
centration  changes  in  the  levels  caused  the  position  of  H3  to 
shift.  The  concentrations  of  H3  in  crystals  A  through  D  were 
4x  10,s-4x  10*4,  1 X 10“  3X  10n-3x  10'4  and  2x  10“- 
1  x  10M  cm-1,  respectively.  In  O  (Fig.  4)  its  concentration 


Flo.  2.  Characteristic  DLTS  spectra  for  bole  traps  in  nominally  undoped.  p- 
type  CdTe  crystals  C  end  D.  The  potations  of  the  boxcar  windows  duiinc 
the  scans  woe  r,  —  3  ms  sad  f,  —  45  ms. 

was  4x  10“  cm-*.  H3  in  E  and  F  will  be  discussed  below. 
There  was  a  lot  of  fluctuation  in  the  trap  concentrations,  as 
can  be  seen  from  the  above  values.  These  fluctuations  even 
occurred  from  device  to  device  on  the  same  sample.  In  the 
case  of  level  H4  this  effect  was  more  pronounced.  At  the 
sensitivity  used  in  the  spectrum  chosen  for  D  in  Fig.  2,  the 
level  was  not  visible,  although,  in  other  cases,  its  concentra¬ 
tion  matched  that  of  H3.  These  deep  trap  concentrations 
were  estimated  from  the  formula  IAC/C  —  N4/N,  where  C 
is  the  capacitance  of  the  diode,  AC  is  the  change  in  capaci¬ 
tance  erased  by  completely  filling  the  deep  level,  AT*  is  the 
deep  level  concentration,  and  N,  is  the  shallow  level  concen- 
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Flo.  J.  Characteristic  DLTS  spectra  for  Te-annealed  (E)  and  Cu-doped  IF) 
p-typa  CdTe.  The  positions  of  the  boxcar  windows  dunng  the  scans  were 
i,  -  J  ms  and  /,  ■  4}  ms. 
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Fkj.  4.  DLTS  spectre  for  hole  trap*  in  nominally  undoped,  p-type  CdTt 
crystal  G.  The  poeitioas  of  the  boxcar  windows  during  the  scans  were  r,  -  J 
ma  and  /,  ■  43  ms. 


tnttion.*  Edge  region  effects  are  neglected  using  this  method, 
but,  such  accuracy  is  not  necessary  in  light  of  the  Urge  varia¬ 
tions  in  trap  concentrations  which  were  mentioned  above. 

Material  E  was  CdTe  which  had  been  taken  from  crystal  B 
and  annealed  in  Te  vapor  at  800  *C  for  about  2  h.  The  anneal 
caused  the  shallow  level  concentration  to  increase  by  two 
onden  of  magnitude.  As  can  be  seen  from  Fig.  3,  H3  and  H4 
were  still  present.  H3’s  concentration  was  approximately 
3  X 10M  cm-3.  This  value  is  also  about  two  orders  of  magni¬ 
tude  higher  tK««  prior  to  the  anneal. 

Crystal  F  had  been  doped  with  Cu  at  about  10'*  cm-3. 
This  concentration  is  dose  to  the  shallow  level  concentra¬ 
tion  obtained  from  the  C-V  profile  and  may  indicate  that  the 
Cu  dopants  were  not  strongly  compensated  by  native  de¬ 
fects.  The  DLTS  spectrum  for  F,  as  seen  in  Fig.  3,  contains 
H3  at  a  concentration  of  4x  1013  cm-3,  a  value  similar  to 
that  found  in  the  undoped  crystals.  H4  waa  also  present  at  a 
much  lower  concentration  and  is  not  seen  in  the  spectrum 
shown.  Attempts  were  also  made  to  dope  crystals  with  Cu 
following  procedures  outlined  by  Ref.  8.  Again,  there  were 
no  new  levels  or  significant  enhancements  of  existing  levels. 

Other  trapping  states  were  visible  in  the  above  room  tem¬ 
perature  range  of  the  spectra,  but,  after  the  samples  were 
heated  to  400  K  in  the  process  of  taking  the  data,  changes 
occurred  in  the  DLTS  spectra.  Levels  which  were  seen  above 
room  temperature  left  completely.  Some  of  the  below  room 
temperature  levels  also  suffered  concentration  increases  or 
decreases  of  as  much  as  an  order  of  magnitude.  The  direction 
of  the  change  was  not  always  the  same.  For  this  reason  no 
above  room  temperature  spectra  are  given.  The  DLTS  spec¬ 
tra  shown  are  for  unheated  samples  immediately  after  prep¬ 
aration. 

Arrhenius  plots  for  levels  H1-H4,  along  with  their  asso¬ 
ciated  activation  energies,  are  given  in  Fig.  3.  Capture  cross 
sections  for  the  various  states  were  not  directly  measurable 
with  our  system  because,  for  the  shortest  reduced  bias  pulse 
we  could  apply  ( s  20  ns),  all  the  levels  were  completely  filled 
with  holes.  From  this  we  can  place  a  lower  bound  of 


3  x  10“ 14  cm2  on  the  capture  cross  section  for  holes,  a  value 
which  is  in  reasonable  agreement  with  that  determined  from 
the  y  intercepts  of  the  Arrhenius  plots.  Because  of  this,  the 
activation  energies  in  Fig.  5  have  not  been  corrected  for  tem¬ 
perature  dependent  cross  sections.  No  correction  for  electric 
field  effects  has  been  applied  either.  The  data  used  for  H3  in 
Fig.  3  is  for  a  particular  device.  If  other  devices  are  used,  the 
temperature  fluctuations  mentioned  above  cause  the  line  to 
shift,  but  the  slope  stays  within  the  error  range  given. 

Au  and  Cd  barrier  heights  on  the  f  1 10)  air-cleaved  sur¬ 
face  of  the  CdTe  were  found  to  be  approximately  0.6  and  1.0 
e V,  respectively.  The  Au  value  is  in  agreement  with  previous 
measurements.9  The  value  for  the  Cd  barrier  height  is  ap¬ 
proximately  equal  to  the  CdTe  band  gap  minus  the  Cd  bar¬ 
rier  height  on  n-type  CdTe  taken  from  Ref.  10. 

IV.  CONCLUSIONS 

Impurities  and  native  defects  are  both  potential  sources  of 
deep  levels  in  CdTe.1  Although  the  crystal  defects  responsi¬ 
ble  for  the  deep  levels  observed  in  this  study  cannot  be  direct¬ 
ly  identified,  it  is  possible  to  draw  some  conclusions  about 
them  based  on  the  results  of  these  measurements.  Levels  HI 
and  H2  were  specific  to  certain  crystals  and  are,  therefore, 
likely  candidates  for  impurities.  Levels  H3  and  H4,  on  the 
other  hand,  were  present  in  all  of  the  crystals.  They  could  be 
the  result  of  a  common  impurity,  native  defects,  or  even 
grosser  crystal  defects  (such  as  Te  precipitates).  There  have 
been  previous  reports  of  levels  approximately  0.3  eV  from 
the  valence  band  that  were  due  to  Cu,  Au  and  Ag. 1 M2  Identi¬ 
fications  were  based  on  associating  the  levels  that  were  ob¬ 
served  with  the  crystal  dopants.  Although  Au  and  Ag  diffu¬ 
sions  have  yet  to  be  tried,  the  present  work  seems  to  indicate 
that  the  levels  we  observe  are  not  due  to  Cu,  since  the  pres¬ 
ence  of  Cu  in  crystal  F  did  not  enhance  any  of  the  levels  seen 
and  because  the  attempts  at  Cu  doping  did  not  significantly 
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Fig.  5.  Arrhenius  plots  for  the  four  majority  carrier  deep  levels  seen  in 
DLTS  measurements  on  p-type  CdTe. 


increase  the  concentrations  of  any  of  the  traps.  It  is  possible 
that  there  are  deep  levels  associated  with  the  Cu,  but  that  the 
temperature  range  of  this  study  did  not  include  Cu-related 
peaks.  This  remains  to  be  tested.  The  fact  that  H3  and  H4 
along  with  |AT4  -  ffD)  were  effected  by  the  Te  anneals  sug¬ 
gests  that  native  defects  are  responsible. 

Concentrations  of  deep  levels  in  as-grown  crystals  were 
generally  10'*  cm  " 1  or  less.  Although  this  is  quite  low,  fluc¬ 
tuations  were  also  seen  in  the  concentrations  of  traps  from 
device  to  device  on  a  given  sample.  Even  more  disturbing 
were  the  changes  in  peak  amplitudes  produced  by  very  mod¬ 
est  sample  heating  (400  K).  No  attempts  were  made  to  deter¬ 
mine  if  similar  concentration  changes  occurred  for  samples 
heated  before  device  fabrication,  but  since  the  same  levels 
were  observed  for  both  Au  and  Cd  barriers,  it  is  unlikely  that 
the  changes  occurred  as  a  result  of  diffusion  of  barrier  metal 
into  the  active  region  of  the  CdTe  diode. 

In  summary,  we  have  made  DLTS  measurements  on  p- 
type  CdTe  crystals.  Four  deep  levels  were  observed  l  H 1-H4) 
in  the  temperature  range  from  100-300  K.  Levels  H 1  and  H2 
only  occurred  in  a  few  of  the  samples  leading  us  to  believe 
they  are  associated  with  impurities  in  the  crystals.  H3  and 
H4  are  in  every  crystal  and  may  be  related  to  native  defects. 
Measurements  on  Cu-doped  samples  indicate  that  the  levels 
seen  are  not  due  to  residual  Cu  in  the  CdTe.  We  also  noted 
variations  in  the  concentrations  of  the  observed  levels  from 


device  to  device  on  a  given  sample  and  significant  changes  in 
trap  concentrations  as  a  result  of  modest  sample  heating. 
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